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INTRODUCTION 


A commission, selected by Mayor Kevin White, met for the first time on 
February 1, 1971, just one week after the tragic collapse of a building which 
was under construction at 2000 Commonwealth Avenue, Boston, Massachusetts. 
The Commission was that day charged by the Mayor with an investigation into 
the cause of the collapse, and further requested to make recommendations, 
with particular reference to the City of Boston, that would guard against its 


repetition. 


Members of the Commission were Mr. Raymond O. Granger, representing 
the Associated General Contractors of Massachusetts; Mr. John W. Peirce, 
representing the Boston Society of Architects; Mr. herman G. Protze,. 
representing the Boston Society of Civil Engineers; Mr. John J. Tobin, 
representing the Boston Bu‘iding and Construction Trades Council; and. 


Rev. Msgr. Francis J. Lally, Chairman. 


The Mayor put at the disposal of the Commission Mr. Sheldon M. Drucker, 
Assistant Corporation Counsel for the City, who acted as counsel and 
secretary. Nichols, Norton and Zaldastani, Inc. of Boston was retained by 
the City to conduct a technical investigation of all aspects of the failure, to 
determine the cause of the collapse, and to make a report to the Commission 
which would include their technical findings as well as conclusions and 


_recommendations. The Thompson & Lichtner Company, Inc. of Brookline 


was retained by the City to sample and test concrete and steel reinforcement, 
to submit test results, and to state whether or not the concrete was a factor in 


the collapse. 


Dr. Othar Zaldastani, of Nichols, Norton and Zaldastani, Inc. directed the 
technical effort. Dr. Miles N. Clair, of the Thompson & Lichtner Company, 


‘Inc. was responsible for laboratory and field testing of materials. 


Apart from the detailed investigations, the Commission and its consultants 
met regularly at the office of the City Law Department for a total of 15 meet- 
ings. Mr. James Cosgrove, Supervisor of Building Plans in the Department 
of Public Safety of the Commonwealth, was an observer at most of these 


meetings. 


At its first meeting the Commission inquired into the condition of the structure 
that remains standing at 2000 Commonwealth Avenue. The City demanded that 
the owner take measures to eliminate the immediate danger of further collapse. 
The owners! engineer evolved a plan to fence the site and shore the remaining 
structure with an adequate number and arrangement of temporary shores. 
These temporary measures have been completed and a decision on the future 

of the structure is pending. There can be no further action without approval 


of the Building Commissioner. 


At following meetings the Commission met with 24 persons who were invited 
to offer testimony on various aspects of the case, all of whom appeared 
voluntarily, some ‘vith counsel. Written and oral statements of several 
other individuals were made available. From those present at the time of the 
building failure, a pattern of testimony developed which was virtually 
identical in all essential aspects, and an extensive array of further testimony 


was considered unnecessary. _ 


It was the judgment of the Commission that the interests of the City would 

be most effectively served by presenting a single report, including both 
technical and non-technical aspects. Since a major part of the investigation was 
technical in nature, the Commission requested Dr. Zaldastani to incorporate 
all aspects of the investigation into a draft report. Dr. William A. Litle, 
Associate Professor of Civil Engineering at the Mas -achusetts Institute of 
Technology, who was.retained by Dr. Zaldastani to assist in the technical 
investigation, prepared this draft. The Commission reviewed the draft in 
detail and all members, with the consultants, participated in the preparation | 


of the final report. 


The report is in two parts. PartI contains a description of the developments 
of the project at 2000 Commonwealth Avenue, a description of the failure; 

the cause of the collapse; a catalog of irregularities and deficiencies in the 
development, design, corstruction, and inspection of the project; and finally, 
conclusions and recommendations, The essential technical results are incor- 
porated in PartI. Part II presents, in more depth and detail, all aspects of the 


technical investigation and analysis. 


All members cf the Commission are fully satisfied that the report presented to 
the Mayor represents a product of the best evidence, information, and advice 


available to them within the scope of the investigation as set by the Mayor. 
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THE PROJECT DEVELOPMENT 
A. INITIAL BUILDING ATTEMPTS 


Building Department records for the property at 2000 Commonwealth Avenue, 
Boston, Massachusetts indicate that the first attempt to build an apartment 

house there was made in 1964. A building permit application was filed on 
November 3, 1964, for a seven story, eighty-nine apartment dwelling. The 

owner of the property at that time was Bartholoniew W. Cosentino, 1580 Common- 
wealth Avenue, West Newton, Massachusetts. His architect for the project 

was §. S. Eisenberg of 739 Boylston Street, Boston, and his licensed builder 

was William J. Lamborghini of La Mont Corporation, 1105 Washington Street, 
West Newton, Massachusetts. The building permit application was made by — 


Herbert W. Eisenberg of the above architectural firm. 


This permit application was refused because the allowable building height 
exceeded that specified in Section 13 of Chapter 488 of the Acts of 1924, the 
then effective zoning law. Appeal of the refusal was made to the Board of 
Appeal which granted a zoning variance on November 18, 1964. Thereupon, 


the permit was issued on December 24, 1964. 


The next entry in the Building Department file is a letter dated May 24, 1965, 
from W. J. Lamborghini of La Mont Corporation stating that construction of 


ap 


the building was started on May 22, 1965. Subsequent to this, records in the 
Building Department show that an excavation was made and tHe lot fenced. 

More than two years later, on August 16, 1967, notice was given to 

Mr. Cosentino by the Building Departinent that his permit had lapsed. This 
action was taken pursuant to Section Ill (e) of the Boston Building Code which 
permitted the Building Commissioner to revoke a permit if after commencement 


of the work there is unreasonable delay in completing the building. 


Bartholomew W. Cosentino filed a new building permit application on November 20, 
1967, for a fourteen story, eighty-five apartment, reinforced concrete and 

brick luxuryapartment house to be known as the St. Moritz Apartments. This 
application named George Garfinkle Associates of 137 Newbury Street, Boston, 


as architect. 


Section 110 (b) of the Boston Building Code requires that "before a permit is 
issued such application shall also be signed by the person who is to perform or 
take charge of the work covered by such permit." Since this application was 
not signed by such a perscn, the peeriit was not issued. Pursuant to Section 
il0 (g) the application later was deemed abandoned since no permit was issued 


within six months of the date of application. 


B. DEVELOPMENT OF THE CURRENT PROJECT 


Apparently Mr. Cosentino did not complete the building permit application 
for the St. Moritz Apartments because the costs were too high to enable the 


project to be economically viable. 
Although it did not become a matter of record until December 1968, it appears 
that Mr. Cosentino arranged in late 1967 or early 1968 to bring several addi- 


tional partners into the ownership of 2000 Commonwealth Avenue. 


eon 


A Saugus, Massachusetts architect, Phillip J . Burne, was consulted regard- 
ing the question of how the property could best be developed. Mr. Burne 
suggested that the site would need to be more densely developed and prepared 
for the owners some schematic density calculations. A zoning change for the 
proper ty, from zone H2 to H3, was obtained on July 3, 1968. The presentation 
of this zoning case was by Mr. Harold Katz, who became an owner of record 


in December 1968. 


It has been stated to the Commission that the new owners used a letter form 

of agreement to engage the architectural firm of Webb, Zerafa ant Menkes, 
2050 Rue Mansfield, Montreal, Canada, to design yet another apartment build- 
ing. Webb, Zerafa and Menkes presumably engaged M. S. Yolles and 
Associates, 1420 Sherbrooke Street, West Toronto, Canada as structural 
engineers and Brais, Frigon, Hanley, Brett & Rinfret, Consulting Engineers 
of Montreal, Canada as mechanical and electrical engineers. These firms 
designed a sixteen story reinforced concrete apartment dwelling with a two- 


level underground parking garage. : 


On December 23, 1968, Bartholomew W. Cosentino conveyed the property at 
2000 Commonwealth Avenue to Wilfred Fink, Toronto, Canada; Morris 
Feinstein and Theodore Hurwitz, both of Montreal, Canada; and Arthur 
Haffer, Bartholomew W. Cosentino, Harold Katz, Stanley H. Rudman, and 
Lewis G. Pollock, all of Massachusetts, as general partners. They had made 


a partnership agreement on Octeber 18, 1968. 


One set of plans for the sixteen story building carries an architect's note 
"issued for permit 7-3-69". On August 1, 1969, the Building Department 
issued an excavation permit to B. W. Cosentino as authorized agent for the 


owner and Toulon Construction Co. as contractor. 


A building permit application, dated August 27, 1969, and signed by Jack 
Palevsky ag Owner or Authorized Agent for an Owner named as 2000 Common- 
wealth Associates, was received by the Building Department on August 28, 1969. 
The application stated an estimated construction cost of $3,700,000. The 
contractor named on the application was Toulon Construction, Inc. , 4018 St. 
Catherine W., Montreal, Quebec. The signature of Dante F. Montouri of | 
Cochituate, Massachusetts, a registered engineer in Massachusetts, was on the 


application in the space provided for the signature of a licensed builder. 


The structural plans were drawn by M. S. Yolles and Associates. A sworn 
affidavit, dated August 29, 1969, and stating that the plans and computations 
for the sixteen story building were in accordance with the Building Code of 

the City of Boston, was filed with the building permit application. This 
affidavit was signed by P. J. Quinn, professional engineer, as Vice President 
of the Yolles firm. The affidavit was notarized by Victor G. Dragone of 
Everett, Massachusetts. 

September 4, 1969, marked yet another change in ownership. Two of the 
previous owners dropped out and three new ones were added. Under agree- — 
ment of that date, the mrarementioned owners, as general partners, conveyed 
the property at 2000 Commonwealth Avenue to Wilfred Fink; Morris Feinstein; 
Theodore Hurwitz; Arthur Haffer; Bartholomew Cosentino; Harold Katz; and 
John Alper, Jack Palevsky, and Bernard (Baril) Palevsky, —'l of Montreal, 
Canada, as general partners. A deed recorded this transaction on October 
22, 1969. Messrs. John Alper, Jack Palevsky and Bernard Palevsky are also 


the three principals of Toulon Construction, Inc. 


The building permit was granted on September 5, 1969. There are several. 


irregularities and discrepancies relating to the events leading to the — 


Ae 


issuance of this permit. . Those that the Commission has uncovered are 


~ enumerated in Section 4A. 


During the course of construction, there was an additional change of concept 
and of ownership. The Owners decided to sell the apartments as condominiums 
rather than retaining and renting them. The same Phillip J. Burne of Saugus, 
Massachusetts, who is mentioned earlier, was retained to help in this sales | 
effort. Some modifications of layout were made antl steps were being taken to 
sell the condominiums. A sales brochure was prepared but no units had been 


sold. 


On November 10, 1970, ownership again changed by means of a conveyance 

from the nine general partners to Milton Adess, Bartholomew Cosentino, and 
Larry ji Webb, all of Massachusetts, as trustees of the 2000 Commonwealth 
Association Trust. Listed as beneficiary of the Trust is the 2000 Commonwealth. 
Association, a joint venture. The Commission requested Mr. James DeGiacomo, 
attorney for Mr. Cosentino, to furnish the names of the individual beneficiaries, 
and he refused to do so. 

On November 10, 1970, a mortgage deed recorded that the trustees obtained a 
construction loan of $3,000,000. from the Northeast Federal Savings and Loan ~ 
Association, Watertown, Massachusetts. On January 4, 1971, a second mortgage 
deed recorded that a loan in the amount cf $2,000,000. was obtained from | 
Bartholomew W. and Anna Cosentino as trustees of C. F. Realty Trust. 
These mortgages are still outstanding. 


C. GENERAL DESCRIPTION OF THE SIXTEEN STORY BUILDING 


The structure of the apartment building at 2000 Commonwealth Avenue was a 
cast-in-place reinforced concrete flat slab construction with a central 


elevator core. 


The design called for all columns to be founded on spread footings on hardpan 
capable of supporting 10 tons per square foot or sound rock and for the elevator 
core walls to be founded on strip footings resting on sound rock. This foun- 
dation design was pasediopon fourteen soil borings which indicated the | 


presence of such soil conditions. 


The structure meocnorated two levels of underground parking. The first 
(ground) floor included a swimming pool, other ancillary spaces, and one .apart- - 
ment. The second through sixteenth floors were to include 132 apartments. | 
Mechanical equipment was to be located on a mechanical room (penthouse) © 

floor 5 feet 2 inches above the main roof. The top of the building was to be a 


roof over the mechanical room. 


Figure 1 shows an architect's rendering of the building which was included in 
the condominium sales brochure and the photograph in Figure 2 shows the 
extent of construction two hours prior to the collapse. Figure 3 shows the © 
overall plan dimensions of the-structure. Figure 4 shows the location of 
columns and balconies for the typical (Srd through 16th) flcors and Figure 3 


a “ = 
shows the main roof and mechanical room floor. 


From the llth floor tothe main roof, columns C5, C8, HS, and H8 had cross- 


sections 12 x 84 inches; columns E2, Ell, F2, and Fll had cross-sections . - 


12 x 29 inches; and all other columns had cross-scctions 12 x 24 inches. From 
_ the llth floor to the sub-basement the column cross-sections increased by 


varying amounts at different levels. Exterior columns were faced with brick. 


The elevator core had inside dimensions of 15 feet 8 inches by 22 feet 0 inches 


and its reinforced concrete walls were 10 inches thick. 


The flat slabs for the levels from the 2nd floor to the main roof were generally 
designed to be 7 1/2 inches thick. However, in the bays directly north and 
south of the elevator core and the bays where the two stairwells are located, 

_ the slab design thickness was 9 inches. The design thickness of balcony 

slabs for the 2nd to 16th floor levels varied from 4 1/2 to 6 inches. Concrete 
block walls were to surround the stairwells. The mechanical room floor slab 


was designed to be 9 inches thick. 


From the 2nd to the 16th floor the story height was 9 feet. From the 16th floor 
to the main roof the story height was 9 feet 6 inches. The mechanical room 
floor was 5 feet 2 inches above the main roof and its roof was intended to be 
yet another 12 feet higher. The total design height from the roof of the. 


mechanical room to the ground floor was 169 feet 5 inches. 
D. ARRANGEMENTS FOR CONSTRUCTION 


The General Contractor was Toulon Construction, Inc. , of Montreal, Canada. 
Toulon installed Mr. Pierre Fontaine as job superintendent and he was their 
only employee at the site. Virtually all work was subcontracted and all sub- 


contracts which have: come to the attention of the Commission were between 


ery 


magrpre 


the Owner and Subcontractor and did not directly involve Toulon. When 
Mr. Fontaine needed men to meet Toulon's responsibilities, he borrowed 


them from the subcontractors and was backcharged. 


The Franki Foundation Company of Boston was retained to underpin the foun- 


‘dations of the existing building on the east side of 2000 Commonwealth Avenue 


during construction of the deep basement. 


The structural concrete work was subcontracted to Fountain Construction 
Company, a New York corporation, with Mr. Boris Kanieff assigned as the 
general superintendent. The terms of the contract between the Owner and 
Fountain did not require Fountain to provide any inspection or any of the cold 
weather protection measures specified by the designers for concrete curing. | 
From time to time Toulon retained Hub Testing Laboratories, Waltham, 
Massachusetts, to inspect the concrete. J. H. McNamara, Inc., Boston, 
Massachusetts, supplied the ready-mix concrete and provided the basic concrete 


mix designs. Northern Steel, Inc., Boston, supplied the reinforcing steel. 


Other known subcontracts were to Pizzotti Brothers, Inc. , Saugus, Massachusetts, 
for masonry work, Ashley Electric Corporation, Boston, for electrical work; 
Loustan Contracting Corporation, Boston, for plumbing, heating, ventilation, 

and air-conditioning; Gate-City Dry-Wall Co. , Inc. , Nashua, New Hampshire, 

for interior parathion: Dorel Steel Corporation, North Quincy, Massachusetts, 

for ornamental ironwork; and Rusco Industries, for steel windows and sliding 


doors. 


Ee CONSTRUC TION 


The partial excavation from the 1965 construction start was enlarged late in 
the fall of 1969 and, with the exception of a concrete truck drivers’ strike in 
May, June, and July 1970, work proceeded continuously until January 25,1971. 
Apparently there were no major difficulties arising as a consequence of the 


construction until the day of the collapse. 


On J anuary Ziti eCOUCL ete nae being placed in the mechanical room floor 
slab and in the walls, wall beams, and brackets which extend from the roof 
slab up to the mechanical floorslab. A crane, stationed on the south side of 
the building, was used to lift the concrete to the mechanical room floor level. 


The extent of this floor slab is shown on Figure 5. 


Brick work had progressed to the 16th floor level and the building was 
essentially enclosed from the 2nd to the 15th floors. -Parapets for the balcony 
slabs were completed up through the 10th floor level. Rough plumbing and lines 
for the heating, ventilating, and air-conditioning system were in varying stages 
of completion all the way up to the main roof level. Interior apartment parti- 
tions were being installed on the lower floors and some bathtubs had been 
placed. Electricians were running lines, installing panels, etc., up to and 

on the 16th floor. A temporary construction elevator was located at the south 
edge of the building between lines 7 and 8. This elevator was used to hoist 


materials for the subcontractors. 


On the basis of records furnished the Commission by some of the subcontractors, 
it is estimated that about 100 men were working in or around the building at the 
time of the failure. At the 16th floor, main roof, and mechanical room floor 


levels workmen were concentrated between lines 2 and7. This group, 


Oe 


numbering perhaps 30, consisted of bricklayers, carpenters, ironworkers, 
cement finishers, electricians, laborers, and a steamfitter. The Commission 
Imows that a few men were on the ground and presumes that the other work- 


-men were distributed throughout the building. 


ae 


tener Bris 


A DESCRIPTION OF THE FAILURE 


The failure of the structure at 2000 Commonwealth Avenue proceeded through 
three distinct phases. First, eyewitnesses noted that the roof slab failed in 
shear around interior column E5 and that the deflection of the roof slab in 


span E5-E6 progressively increased until a sag of 4 feet occurred. 


In the second phase the initial failure suddenly propagated laterally to include . 
the entire eastern half of the roof slab. Essentially all of the roof from lines 
3 to 6 collapsed onto the 16th floor. The roof slab did not sever through the 
columns along line 2 or at some of the columns along line D. The photographs 
in Figure 6, taken from ground level off the northeast corner of the structure, 
show the collapse at this state. Tipping of the roof slab over the line 2- 
columns is clearly seen. Columns G3 and G4 are seen sticking up in - 


Figures 6b and 6c with no remnant of the roof slab attached to their tops. 


After a period variously estimated at between 10 and 20 minutes, the third and 
final phase commenced with a failure in the 16th floor slab. This slab col- 
lapsed onto the 15th floor, the 15th onto the 14th, and so on, until within perhaps 
fifteen seconds the entire usc side of the structure had collapsed into the 
basement and sub-basement. Figure 7 shows the collapse in progress and 


Figure 8 shows the aftermath of the collapse. 


The Commission interviewed twelve cyewitnesses and the accounts of several 
others were made available, Since there was no significant disagreement among 
these several accounts, the Commission has not interviewed cach and every 
eyewitness. While other eyewitnesses may be able to elaborate in more deiail 
or specificity on certain aspects, the Commission believes that the essential 


events would not be in dispute. 


The following account tells the story of ithe tragedy as seen by eyewitnesses. 
While the account appears as statements of fact, it must be understood that 
it is only the Commission's interpretation of testimony. The Commission 
recognizes that no such interpretation can properly account for the horror of 


the moment, 


As‘an aid to the narrative, Figures 9 and 10 give the Commission's understand- 
ing of the general location of each individual eyewitness and the paths which 
each followed. Since several eyewitnesses: provided helpful information with 
regard to both the first and second phases, these two phases are combined in 


the description. 


A. PHASE ONE: SHEAR FAILURE IN THE MAIN ROOF AT COLUMN E5 
AND PHASE TWO: COLLAPSE OF THE ROOF SLAB | 


Concrete placement in the mechanical room floor slab, walls, wall beams, 
and brackets commenced January 25th, at about 10:00 a.m., at the west edge 
and proceeded east in a continuous fashion. The 5 feet 2 inches high walls, 
wall beams, and brackets were cast concurrently with the floor slab A 
coffee break occurred at about 3:00 p.m. after the concreting had extended 
about three feet east of line 5. This extent was established by Messrs. Daniel 


Niro and Joseph Oliva who were employed as cement finishers. 


=| 2c 


With the exception of Messrs. Niro and Oliva, all those engaged in the concret- 
ing went down onto the south side of the roof slab for a coffee break. Messrs. 
Niro and Oliva remained on the pouring level at about line 4-1/2. Just after 
the coffee break ended at about 3:25 p.m. they felt a drop in the mechanical 


rooni floor of about 1 inch. 


Mr. Anthony Paolini, the labor foreman, was standing on the south side of the 
mechanical room floor. He was directing the crane to move in the next bucket 
of conerete when he felt the same settlement. In a few seconds another drop 
of 2 to 3 inches occurred. He shouted instructions to "hold the bucket" after 

a brief exchange with Mr. Antonio M. Fantasia, the carpenter foreman. 

Mr. Fantasia was on the south side of the roof slab. He had noticed a 
settlement of the roof slab. After dispensing with the thought that the form- 
work for the mechanical floor kad failed, he and Mr. Peter Marino immediate- 
ly went to the 16th floor by way of a ladder in the east stair opening. After 
pausing at the stair opening he proceeded directly to column E5 on the 16th 
floor. As he stated it, "I can't believe my eyes. I see this slab coming down 
around the column."' Mr. Fantasia estimated a drop of 5 to 6 inches at this 
time and described a crack in the bottom of the slab extending from column 

E5 toward column D8. With no hesitation he immediately screamed a warning 
to the workmen on the 16th floor that the roof was going to collapse, ran back 
to the east stair opening, climbed up the ladder, screamed a warning to the 
men on the top, and then climbed down to the 15th floor where he and several 
others remained on an east balcony until the collapse of the roof slab occurred. 
(In subsequent private testimony Mr. Marino, an electrician who was placing 
electrical conduits in the mechanical room floor slab, confirmed Mr. Fantasia's 


description of these events.) 


During the interval. Messrs. Niro, Oliva, and Paolini, as well as the others on 
the mechanical floor, had gone down onto the roof slab. Mr. Niro had called 


los 


the attention of his foreman, Mr. Peter Molle, who went up onto the mechanical 
room floor te observe the sag. The sag must have increased rapidly because 


Mx. Molle got trapped in it and later had to be rescued by the crane. 


The Commission interviewed six of the men who were working on the 16th floor: 
Mr. Paul A. Scopa, the bricklayer foreman; Messrs. Alfred Coco, Christopher 
Feudo, Kenneth Ficlding, and Albert Fiorilli, all bricklayers; and Mr. Edward 


J. Amerault, a steamfitter. 


The distressed area around column E5 was specifically pointed out to Mr. Scopa 
by Mr. Fantasia. Mr. Scopa went down the east stairwell ladder to the 15th 
floor, went across to the west side, and ran down 15 flights to the ground, It 

is of interest to note that the Structural! ST DCa trac Ion was in the process of 
placing reinforcing steel for the stairs from the 14th to 15th floors in the east 
stairwell. This may account for the fact that several of those working on the 
east side of the 16th floor or roof stopped tempo~arily at ‘1e 15th floor and/or 
subsequently crossed over to the west stairwell before descending to the ground. 
Mr. Coco did not notice the sag of the roof slab. He heard Mr. Fantasia's 
warning anda second by Mr. Marino. After he saw everybody running 

he went to the 15th floor via the ladder in the east stair opening. There he; 
along with Mr. Feudc, Mr. Fiorilli, and Mr. Frank Brangiforte, took 

refuge on the overhanging swing scaffold in the middle of the east edge of the 
building. (This scaffold is evident in Figure 6a.) As he stated it, "we stood 
there for a couple of minutes, and then the roof let go, andI saw everything 
started to shake, so we jumped from the scaffold onto the balcony. That's 

when the whole roof collapsed, and then it stopped." Mr Coco then went 

across the 15th floor to the west stairwell and descended to the ground. 
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Mr. Feudo was working in the southeast corner of the 16th floor. He heard 
Mr. Fantasia's werning and noticed the sag. He described it as a belly, about 
as wide as a large conference table, extending from the southeast corner of the 


elevator core toward column E5. He followed the same exit path as Mr. Coco. 


Mr. Fielding was working on column C7 from a swing scaffold, He did not 
hear Mr. Fantasia's warning and never observed the initial failure. He was 
alerted by Mr. Coco's fast exit and after climbing up from his work platform 
he went to the west stairwell. He stated.that he was on the 14th floor when the 
‘roof slab collapse occurred and somehow arrived at the ground after Messrs. 


Coco and Feudo. 


In his. testimony Mr. Fielding mentioned hearing cracking noises about 1:00 
p.m. while working on column C7. He related the noises to the sound of ice 
cracking. As he stated it, "I do a lot of ice-fishing, and we heard the noise, 
and my boss said to me 'Holy mackerel, what kind of noise is that.' Approxi- 
mately 15 to 20 minutes after that, the same noise." Although Mr. Fielding 
dismissed these sounds at the time, it is quite possible that they were 
emanating fromthe roof slab under the west side of the mechanical room ~ 
floor. Subsequent examination has revealed load-induced cracks over the tops 


of columns E8, E9, F8, and r9 where failure did not occur. 


Mr. Fiorilli was working on the northeast corner of the 16th floor. By the time 
he reached the stairwell the sag had increased to 4 feet. He went to the 15th 
floor with Messrs. Feudo and Coco. After the east half of the roof slab had 
collapsed onto the 16th floor he climbed back up the ladder in the east stairwell 
to see what had happened. He saw that the roof slab was sloping down to the 
16th floor and smelled gas. Fearful of an explosion, he backed down, crossed 


the 15th floor, and ran down the west stairs with Messrs. Coco and Feudo. 3 
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Mr. Amerault was on the north side of the 16th floor hanging a length of pipe. 

He heard Mr. Fantasia scream, saw the sag, and went down the cast stair open- 
ing. He got as far as the I4th (15th?) floor when the roof slab collapsed. After 
the collapse he went across ..the west stairs, went back up to the 16th floor, 
and walked back toward the elevator shaft. On looking he could see the roof 

slab slanting down and lying onhis pipe machine. Like Mr. Fiorilli, he 
smelled the propane gas and was afraid of an explosion. He ran down the stairs 
as fast as he could. 

Mr. Di Simone, the steel foreman, was in the office of the Structural Subcon- ‘ 
tractor when thé crane oiler told him that something had gone wrong. He went 
to the crane intercom and talked with Mr. Paolini. He immediately went to the 
construction elevator and started up. As he rode up, the roof slab collapsed. 
He saw the compressor falling off the roof along with other debris and cove 

out at the Sth floor. Some other workmen told him to clear out so he went down 
the west stairs to the ground and then back to the south side of the building. 
While talking with Mr. DiSimone, Mr. Paolini could see, slowly but surely, 
that the whole bay E5-E6-F6-F5 was sinking in. He could heer creaking and 
groaning and saw the reinforcing steel popping up out of the mechanical floor 
slab. He went to the west stairwell with other workmen but found it covered 

by canvases. One man jumped right through, but Mr. Paolini and the others 


went back to call for the construction elevator (materials hoist). 


The compressor which had fallen from the roof landed on top of the mason- 
tender's shack. Mr. Robert G. Delaney, the operator of the materials hoist, 
checked to make sure that the mason-tender had not been crushed and then 
returned to the hoist. He directed the hoist from the 8th floor up to one of 

the top floors of the building. As he then brought the hoist down to the ground » 


several men got on at various levels. 


YR: 


Mr. Paolini and the others were still on the roof calling for the hoist. 

Mr. William Murphy, a foreman for Dorel Steel Corporation, got on the hoist 
and rode directly up to the roof. Messrs. Paolini, Niro, Oliva, and about six 
other workmen got on with Mr. Murphy. Mr. Delancy brought them dircctly 

to the ground. Before descending, Mr. Paolini recalls looking back and noting 
that only one of two boilers was still visible. These boilers had been tempo- 
rarily stored on the roof slab for about two wecks in approximately the locations 


shown of Figure 9. 


Three men - Mr. Molle; Mr. Patrick McNulty, an ironworker; and a carpenter - 


were marooned on top of the collapsed roof slab. 


When Mr. Di Simone arrived again in the back of the building he looked up and 
saw Mr. Paolini and the others on the roof waiting for the elevator. He recalls 
hearing sirens at that time and thinking that one of the concrete truck drivers 
had called the police. In fact, Mr. Pierre Fontaine, the job superintendent for ° 
the General Contractor, had called them. He had been in his office and saw 

the compressor falling in the vicinity of line 5. He went to his office door and 
talked with a bricklayer. Together they called the police and asked for ambu- 


lances. 


In any case, Mr. Di Simone waited for the group of men to descend from the a 
roof. In order to assist in rescuing the three marooned workers and fear- 

ing that some other workers may have been trapped in the 16th floor, Messrs. 
Murphy and Di Simone encouraged Mr. Delaney to take them back up to the 
roof. According to Mr. Murphy, the hoist stopped at the 16th floor on this trip. 
Mr. Murphy climbed up to the top of the hoist staging and from there directed 


the rescue of the three marooned men, 


ae 


Mr. Mark Seaver, the crane operator, had empticd the concrete bucket and 
Mr. Murphy, by the use of hand signals, directed Mr. Seaver to swing the 
bucket around to pick up the three men. Mr. Di Simone, on the 16th floor, 
looked out through the rubble as best he could and after a few minutes decided 
that no one had been trapped, Mr. Di Simone felt some movement in the 16th 
floor slab at this time and Mr. Murphy could hear popping and cracking as well 


as see movement in the roof slab from his position on the hoist staging. 


Once the three marooned men had been picked up, -Mr. Murphy climbed back 
down tothe 16th floor. Satisfied, Messrs. Murphy and Di.Simone descended to 
the ground in the hoist. Mr. Di Simone returned to the office, but Messrs. 
Murphy and Delaney remained by the materials hoist. Within a minute or 

so the general collapse occurred. As they ran away Mr. Delaney fell down and 


was hit on the arm by something. His wrist was broken, 


B. PHASE THREE: THE GENERAL COLLAPSE 
The general collapse is clearly and succinctly described in a written state- 
ment by Mr. Douglass N. Ellis, Jr., a resident of 1959 Commonwealth Ave-_ 


nue. The photograph in Figure 7 was taken by Mr. Ellis. 


"T stepped outside and noticed. the top floors - one or two - had collapsed, and 
sent debris flying out and down. At the same time, I raised the camera and 
began to take pictures. I took three while the structure was falling. They 
were taken in the minimum time it takes to trigger the shutter and advance 
the film. The subsequent views I had of the building falling were through the 


camera lens. 


SIs 


"As the top floors fell, there was not much debris above the collapse, but 
considerable dust and debris below the collapse and blowing out from the floors 
that were actually in the process of collapsing. The collapse progressed in 
whatis best described as domino fashion. Thatis, the weight of what had 
already collapsed seemed to blend into wacre a floor was, then this floor 

would fall, ‘still somewhat defined by the balcony rail; then as that floor reached 


the next, the debris from the floor above would becume undefinable. 


"By the time one-half to three-fifths of the side had collapsed so much dust 
and debris had risen from the ground and been squirted out from between the 
collapsing floors that accvrate observation of the progression of the fall had 


become difficult. 


"However, the sense of movement continued in the dust cloud and it seemed 
that around the building the dust and debris was sucked downward and only 


rising into the air from the outer edges of the collapse. 


"While the fall was in progress, some pieces of debris of discernable size and 
shape were visible, such as wooden supports and what looked like window frames. 
The building did not seem to fall at once, but in a floor by floor progression, 


‘ nor did it appear to fall away from the core that remained after the collapse. 


"But as each floor fell, it fell completely in that nothing remained around the 
_ central core at the level where that floor had been. That is, there was no 


major collapse with a series of additional pieces falling even seconds later. 
"All that remained was the central core of that end of the building and broken 


and torn pieces of reinforced concrete flooring that hung from the core of the 


center of the building." 


ps 


As may be scen in the photograph taken by Mr. Ellis (Figure 7), failure of a 
given floor in the vicinity of lines 6 and 5 was in advance of ‘ailure at line 2. 
This fact would indicate thelikelihood that the fixst failure in the 16th floor 
occurred at line 5 or at the elevator core. In fact, one of the boilers, which 
had been on the south side of tLe main ronf near line 6 was found well down in 


the debris. 


The photographs in Figure 8 show the extent of the collapse and Figure ll details 
it. About 120,000 square fee* of floor slab collapsed into the basements and 
lay like pancakes... Another dimension of the collapse may be obtained when it 


is considered that about 8000 tons of ccnstruction materials fell to the ground, 


Four men were crushed to death in the general collapse. The search for their 
bodies was protracted because of the necessity to remove the many thousands 
of tons of entangled reinforced concrete debris. Mr. Ciriaco Di Iorio, a 
laborer for Pizzotti Brothers, Inc., was found in the area of the east stair- 
well on February 1, 1971. Mr. Scopa, Pizzotti's bricklayer foreman, testified 
that Mr. Di Iorio and Mr. Luigi Casale went down the east stairwell, At the 
3rd floor Mr. Casale ran across to the elevator core to get his coat, just 
making it to the west side when the general collapse occurred. The other three 
men, Messrs. James Cingolani, Michael Papasedero, and Daniel Tintindo, 
were employed by Loustan Contracting Corporation. All three were found to- 
gether on February 15, 1971, in the basement area just southeast of the elevator 
core. Most of the 8000 or so tons of debris had to be removed before they 


were found. 
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THEIGNUSEO het hee PALL URE 


A. PHASE ONE: SHEAR FAILURE IN THE MAIN ROOF AT COLUMN E5 
The erucial aspect of the initial failure occurred when the roof slab failed 

in shear around column E5, although this failure was likely preceded and 
ageravated by flexural yielding in the roof slab adjacent to the east face of the 


elevator core. 


The Commission has examined the failure at column E5 from the following 
points of view: (1) whether failure would have been expected if the structure — 
had been constructed in accordance with the design documents (structural plans 
S-1 through S-9 and the designers’ specifications Division 3, Section 3A which 
are included in Part II, Appendix II. 4); (2) whether the construction procedures 
end materials conformed with the design documents; and (3) whether the design, 
as indicated by the documents, met building code requirements. It is the Com- 


mission's opinion that: 


zips Shear failure around column Ed would not have occurred if the con- 


struction had eonformed to the design documents. 


ae The construction procedures and materials did not conform with the 


design documents. The most significant non-conformities were: 
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The general lack of adequate shoring under the roof slab in the 
area bounded by the mechanical room floor slab. As a conse- 
quence, the roof slab was subjected to a temporary construction 
overload by the weight of the freshly placed mechanical floor slab 
and supporting walls and brackets, their associated formwork, 


two boilers, and other construction cquipment and materials. 


The fact that the concrete strength in the roof slab was less 
than specified, The design documents specify that the (ultimate) 
compressive strength at age 28 days shall be 3000 psi. At the 
time of the failure, at least 47 days after casting, it was sub- 


tantially below 3000 pounds per square inch. 


The Commission believes that these two factors were the principal causes of 


® the initial failure, 
3. The design did not entirely conform with -the building code requirements. 


In the context of the initial failure, the inconsistency which turned out to 


be most significant pertained to the slab thickness being thinner at 


column E5 than required. Although the thickness requirements are 


related to deflection and not strength considerations, a thicker slab 


would have had a greater shear capacity. 


Because some previous shear failures of this type have been attributed to the 


presence of large openings in a slab adjacent to a column, it should be noted 


that there is no evidence in this case which would point to the presence of any 


opening adjacent to column E5. 
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Shoring 


~ 


Although structural plans S-I and $-5 noted that construction loading on the 
(unsupported) roof slab should not exceed 30 pounds per square foot on the area 
bounded by the mechanical room wall beams, the weight of the freshly placed 
mechanical room floor slab and its immediate formwork alone approximatcd 

130 pounds per square foot, Additionally, structural plan S-8 specifically called 
for the placement of shores undcr the roof slab below the cantilever brackcts 
which extended outward along column lines 4, 5; ie EN from columns E4, E5, 


E8, E9, F4, F5, F8, and F9. These shores were to assist in the distribution 


of the construction loads induced during and after placement of the mechanical 


room walls and floor slab. 


Inspection of the shoring provided under the uncollapsed western half of the 
root slab revealed the existence of only five shores under the area of the 
mechanical r¢em floor slab. One of these was immediately adjacent to the 
southwest corner of the elevator core wall, The other four, between lines 7 
and 8, were used to support part of a cloth wind screen, Testimony indicated 
that this screen was used to terminate a perimeter enclosure of the east half 
of the 16th floor. None of the specifically required shores were present under 
the western half of the roof slab. A plan showing the location of all shores 


under the uncollapsed west side of the roof slab is contained in Part II, Section 7. 


The Commission heard testimony from several witnesses concerning the shor- 
ing provided under the collapsed eastern half of the roof slab. It is the 
Commission's understanding that there was a series of shores along the peri- 
meter of the 16th floor slab extending from the 16th floor slab up to the roof 
slab. These shores were used to support a weather protection screen for the 


workmen on that part of the 16th floor. 
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Messrs. Feudo, Piorilli and Scopaall testificd that they observed the sag of 
the roof slab after the initial failure at column £5. None of them saw. any 
shoring in the area of the sag. Mr. Fantasia, who first observed the failure, 
cannot recall whether there was any shoring or not, but he did indicate that he 


Was able to run from column E5 back to the east stairwell without difficulty. 


The Commission heard opinions from six cyewitnesses regarding the shoring 
present on the day of the failure under other interior portions of the eastern 

half of the roof slab. Messrs, Ficlding and Scopa did not recall seeing any 
interior shores. Mr. Scopa, the bricklayer foreman, stated that there were 

no interior shorcs at the time the bricklayers began work in that area, several 
days before the collpase. Messrs. Amerauit, Coco, Feudo, and Fiorilli all 
thought there were some interior shores, but could not be specific. Mr. Fiorilli. 
referred to them as being "here and there" and Mr. Amerault as being "scat- 
tered inside the exact locations and amount I couldn't tell you". Mr. Feudo 


said that workmen moved about easily, even with wheelbarrows. 
Structural Analysis 


To assist in determining the cause of the failure, structural oneibises of both 
the east and west halves of the roof slab were made. These analyses consisted 
of two basic parts: (1) a determination, by a computer analysis, of the axial 
forces, shear forces, and bending moments induced in the slab and its support- 
ing columns and wails as a consequence oi the roof slab dead weight plus the 
superimposed construction loads and (2) a determination of the capacity of a 
particular portion of the slab to resist the previously determined forces. 

These analyses and the results obtained therefrom are described in detail in 


Part II, Sectionl. Only the summary conclusions are noted here. 
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The first computer analyses for the cast half af the main roof were made to 
determine the most highly stressed locations and to establish the influence of 
perimeter shoring. These analyses indicated that the critical shear conditions 
did indeed oceur around column E5 and, further, that perimeter shoring 

would have provided no relicf for the roof slab in the vicinity of the interior 
columns. The forces and bending moments at column E5 were only slightly 
more severe than those at column F5, the difference being due to the fact that 
two boilers and some other construction equipment were stored on the south 


side of the roof. 


For the vertical shear force and bending moment transfer at column E5 as 
calculated in these initial elastic analyses, a maximum shear stress of about 
180 psi is indicated for a peripheral section of the slab out three inches from the 
face of the column. With these conditions one might expect a shear failure 


to occur if the compressive strength of the concrete was below 2000 psi. 


The same initial computer analyses indicated the existence of slab bend- 

ing moments adjacent to the east face of the elevator core which could not have 
been resisted elastically by the slab as designed. It is the Commission's opinion 
that shear failure at column E5 was preceded by flexural yielding adjacent to 

the east face of the elevator core. Such yielding would not have been precipitous 
in and of itself. It would have evidenced itself by cracking in the top of the 

roof slab and could not have been noticed because of the formwork enclosure 


for the mechanical room floor slab and wall beams. 


Assuming that flexural yielding did occur, the conditions of the finite element 
analysis were modified to permit rotation of the roof slab perpendicular to the 


elevator core. The results incorporating this modification indicate a slight 


increase in vertical load transmitted to column E5 and a larger increase in 


the bending moment transferred into column £5. For the slab to transmit 
these increased forces, the maximum shear stress in the slab on the same 
critical perpheral section would increase from the value of about 180 psi to 
about 205 psi. For this more severe condition, shear failure around column 


E5 might be expected if the concrete compressive strength was below 2600 psi. 
Concrete Strength 


The roof slab was cast in two parts. On December 3, 1970, concreting began 
at the west edge of the roof and proceeded east in a continuous fashion to a 
construction joint. On December 9, 1970, the remaining portion was completed, 
beginning at the construction joint and continuing to the east edge of the roof. 
The location of the construction joint between two castings is of some interest 
because tests have indicated that concrete from the December 9 placement had 
somewhat lower strength on the day of the collapse than that in the December 3 
placement. 

According to testimony of representatives of the Structural Subcontractor, the 
construction joint between the two castings started at line 3 1/2 on the south © 
edge of the roof, extended north to line D 1/2, then west to line 41/2, then 
north to line F 1/2, then east to line 31/2, and finally, north to the north edge 


of the roof. 


The invoices and Gelivery slips of the ready-mix Concrete Supplier indicate 
deliveries of 218 cubic yards on December 3 and 95 cubic yards on December 9. 
These records are inconsistent with the testimony of the Structural Subcon- 
tractor's representatives; for while the total delivered yardage is consistent 
with the calculated volume in the entire roof, the 218 - 95 breakdown indicates 
that the construction joint was in the vicinity of line 5 and not line 4 as indicated 


by the testimony. 
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Clearly, the joint was not HCre the Structural Subcontractor indicated it to be. 
Lacking any other direct evidence, it seems likely that the joint was arranged 
as indicated by the Structural Subcontractor, but shifted one bay to the west. 
This assumed position, which is shown in Fieure 5, is consistent with the 
yardage breakdown of the two concrete deliveries. With this location the 


concrete around column E5 is from the December 9 casting. 


There are other possible joint locations which would be consistent with the 


concrete delivery records, For example, the joint could have been directly 
over line 5, however, the Structural Subcontractor has testified that slab con- 
struction joints were always placed at mid-span (either in the zig-zag fashion 
described above or in a straight line). Two construction joints on typical 


floors of the uncollapsed west part of the structure are at mid-span. 


Another possible and consistent joint location is a zig-zag pattern in which the 
north-south part of the joint is at line 5 1/2 on the exterior and at line 41/2 on 
the interior. This pattern would imply that the concrete around column E5_— 
was placed on December 3. This possible location is felt to be less likely than 
the one shown in Figure 5 because it has an even greater discrepancy with the 


testimony. 


Since it has not been established as absolute fact whether the concrete around 
column E5 came from the December 9 or December 3, 1970, placements, 

test results regarding compressive strength for both placements are reported 
in Tables 1 and 2, respectively. Specimens from the December 3 placement 
were taken from the uncollapsed portion of the roof slab and from one roof slab 
piece recovered from:the collapse. This piece (marked 115) came from bay 


6-7 south of the elevator core. All of the December 9 placement was included 
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in the collapse. Specimens from this placement were obtained from three 
saved pieces (marked 19, 11, and 120) which were positively identificd as 


coming from the southeast corner bay of the roof slab. 


Based upon an evaluation of the compressive strength test results in Tables 1 

and 2, which is containcd in Part II, Section 2, itis the Commission's opinion 
that the average compressive strength, at the time of collapse, was approximate~ 
ly 1600 psi for concrete placed on December 9, 1970 and was approximately 

1900 psi for concrete placed on December 3, 1970. At the time of collapse the 


ages of the two placements were 47 and 53 days, respectively. 


The deficient roof slab concrete strength might have resulted if the concrete 
deposited in the forms never had the potential to reach the specified strength, 

or if the deposited concrete was improperly cured, or both. As indicated in 

the following discussion, it is the Commission's opinion tha both of these 
possibilities were factors. 

The potential strength of a given batch of concrete could be low because of one or 
more factors. The most common reasons would be a low cement content and/or 
a high water content, but still other factors such as the amount of entrained air 


will influence the potential. 


Concrete mix designs for this project were submitted by the Concrete Supplier 
to the General Contractor. According to the Supplier's delivery slips the 3000 
psi concrete contained 540 pounds of cement per cubic yard of concrete. It 

is the Commission's opinion that this mix design cement content is passable 
for 3000 psi concrete if the water content is carefully controlled. Although the 
design specifications require air-entrainment for the exposed portions of the 
roof slab, the delivery slips do not indicate the inclusion of such an admixture 


for any part of this slab. 
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To determine the actual cement content of the roof slab concrete, chemical 
analyses were made of five specimens from the Decembcr 9 placement and six 
specimens from the December 3 placement. The results of these analyses are 
also tabulated in Tables 1 and 2. For conercte in the December 9 placement the 
average of the five cement content ceterminations is 501 pounds per cubic yard, 
and for concrete in the December 3 placement the average of six determinations 


is 535 pounds per cubie yard. 


With regard to water content, such site inspection reports as are available 
indicate that slump test results consistently exceeded, during the course of 
construction, the maximum permissible values specified on the design docu- 
ments. For the December 9 placement there was no site inspection. For the 
December 3 placement reported slumps are within the limits specified on the 


design documents, 


Evaluation of the curing conditions while the concrete was hardening with age 
requires consideration of the temperature history of the concrete. Section 3A 
of the designers’ specifications outlines a detailed procedure for the application 
of supplementary heat in the event that the ambient temperature might fall 
below 40°F. within a period of seven days after casting. Testimony heard by | 
the Commission indicated that the only ¢old weather protection provided for 

the roof slab was such as may incidentally have occurred as a consequence of 
the daytime heat provided for the mortar of the bricklayers who were working 


on the 16th floor in January. 


The Wenther Bureau records for the casting dates of the roof slab show the 
o 


following: 
December 3, 1970 | December 9, 1970 
Maximum 57°F ‘ 36°F 
Minimum 42°R 21°F 
- re) ° 
Average 50 F 29°R 


The weather turned cold on December 4,1970, and remained cold. From 
December 4,1970, to the day of collapse the minimum daily temperature never 
went above freezing. A measure of curing temperatures can be obtained by 
using the Weather Bureau data for degree days. These records indicate an 
average curing temperature, from the day of placement to the day of collapse, 


of about 25°F. for both the December 3 and December 9 placements. 


In addition to the previous comments regarding the concrete mix design, cement 
content, and water content, the Commission believes that these curing con- 
ditions seriously retarded the strength gained by the deposited roof slab con- 


crete at the time of collapse. 


Design 


The structural frame was designed in accordarce with the "ultimate strength" 
method contained in the American Concrete Institute 318-63 Code. For the 
design conditions used in conjunction with this method, the floor slab thick- 
ness in the vicinity of ‘column E5 should have been at least 8-3/4 inches instead 


of the specified 7 1/2 inches. 
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The minimum thickness specification in ACI 318-63 is intended to control the 
vertical deflection of the slab under service live load and is not bascd on strength 
considerations. Nevertheless, the design slab thickness did not conform and 
there is no question that a thicker slab would have possessed a higher shear 


capacity. 
Why Failure Did Not Occur On The West Side 


Separate structural analyses were made for the western, uncollapsed, half of 
the roof slab. These analyses took into account the line of interior shores 


present in bay 7-8. 


The presence of the line of shores kept the slab bending moments at the west 
face of the elevator core to values approximately one-half those calculated at 
the 2ast face of the elevator core. Even though flexural yielding did not occur 
along the west side of the elevator core, the larger superimposed load on the 
west side created shear conditions around interior columns E8, E$, F8, and 
F9 which were as severe as those around columns E5 and F5. Observation 

of the roof slab over the top of columns E8 and F8 reveals crack patterns with 
widths of up to 1/8 inch and more. While there are cracks over columns E9 


and F9, they are not large. 


Although failure did not occur on the west side, it is the Commission's opinion 
that such was narrowly averted. Shear failures occur suddenly and without 


warning. 


The fact that failure did not occur on the west side could be rationalized 
solely on the basis of statistical strength variations commonly observed in 


nominally identical laboratory shear tests. These laboratory variations occur 
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beeause of unintentional differences in factors such as slab thickness, position 
of the reinforcing bars, and concrete strength. Each of these factors may 
have been more favorable on the west side than at column E5, As discussed 
previously, there is good reason to bclicve that the concrete strength on the 
west side was higher than at column E5, and itis a fact that there is no con- 


struction joint in the roof slab on the west side. 
B. PHASE. TWO: COLLAPSE OF THE ROOF SLAB 


After the initial shear failure around column E5 and sagging in bay ES-E6, 
failure in the roof slab suddenly propagated laterally to include almost the 
entire east haif of the roof slab. Although the conditions under which an 
initial shear failure will occur around a single column are reasonably well 
known, the state of the art does not contain any accepted procedure for ana- 
lytically determining the extent of lateral failure propagation in the event of 


shear failure at one column, 


Analysis indicates that the roof slab became intolerably overstressed at 
other locations once it was deprived of support at column E5. Although the 
precise relationships have not been established, the question of whether or 
not failure will remain confined to one region or will propagate to include 
portions far removed from the initial distress depends principally upon loading, 
span lengths, and quantity and distribution of steel reinforcement. 

Whereas factors regarding reinforcing steel are suggested as having only an 
ageravating influence on the initial failure (e.g. , ilexural yielding in the slab 
along the east face of the elevator core), it is the Commission's opinion that 
they were more significant in relation to the lateral propagation of the roof 
slab collapseandto the completeness with which the slab sheared through its : 


supports. 


Structural Analysis 


Another computer analysis, with column support at E5 removed, reveals that 
the slab bending moments about line E in bay 5-6 would have changed from 
negative to substantial positive values. As designed there was an interruption 
in the north-south reinforcing steel in the bottom of the slab at line E, and 
therefore, no stecl to resist the positive bending moments. These conditions ~ 
account for the flexural crack and sagging which was noted in this area by 


Mr. Fantasia and other eyewitnesses. 


Additionally, the analysis indicates that the shear cendition around column F5 
and the flexural and shear condition at the southeast corner of the elevator 

core became such that failure at either or both locations could be predicted; for 
a peripheral section of the slab out three inches from the face of column F5, 


the analysis indicates a maximum shear stress of about 320 psi. | 


In the same way that loss of support at column E95 caused additional load to 

be tranferred to the adjacent points of support, subsequent failure at column 

F5 or at the elevator core wall would induce a similar effect. An analysis was 
made assuming the failure at malar F5 and, as expected, the results indicated 
serious overstress at the elevator core as well as at columns E4 and F4 | 
This propagation continued until the roof slab had failed around columns on 
lines 3, 4, &, and 6 and had dropped down onto the 16th floor slab. Photographs 
indicate that the slab rotated about, but did not sever through, the exterior 
columns aiong line 2. Mr. Di Simone (and Mr. Murphy) testified that a similar 


condition occurred along the line D columns at the south edge. 
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Deficicnei¢s In Reinforcing Stecl and Concrete 


Although they are not noted in any way on the structural plans, the Engineer 

did indicate on his bar placing drawings one detail calling for bent dowels 

which would tie the top story columns to the roof slab. Such bent dowels 

would have helped to limit the propagation of failure in the roof slab but they 
were not clearly and consistently specified by the-Engineer, were not scheduled 
or shipped by the Steel Supplier, and were not inserted by the Structural Subcon- 
tractor. 

There also is indication of a deficiency of top slab bars passing directly over 
the top story interior columns. Either the top story column E5 or Fs (piece 
marked T 2) with the wall bracket directly above it was saved from the collapse. 
Examination of this piece indicated that only one east-west and no north-south © 
top slab bars passed over the top of the column. Whereas the presence of 

slab steel passing through the criticai shear area is believed not to influence 
significantly the loads at which shear fracture in the slab would occur, ‘the © 
presence of such bars (and bent column dowels) would help to prevent total 
collapse. There is illustration of this fact at column C7 on that portion of the 
structure which still remains. At several floors the concrete around column 

C7 has suffered a complete fracture but collapse has not occurred because of 


dowel action of the several steel bars passing over the column. 


In detailing the east-west bottom steel for bay E5-E6-F6-F5 in the roof slab, 
the Engineer apparently failed to account for the increased span in this bay 
and for the edge condition at the elevator core. Whereas these bars, accord- 
ing to the ACI 318-63 Code, should have extended Ae least 6 inches into the 
elevator core wail, there was no such ceiail on the structural plans. The 


specified bars were 49 inches shozter than required to mee? this provision 
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according to a detail drawing contained in the designers! specification. The 
absence of this steel at the wall decreased the load capacity at this critical 


connection. 


Of the picces recovered from the collapse, four were positively identified as 
being from the roof (marked 19, Til, 115, 20). Detailed examination of 

the quantity and placement of reinforcement in these pieces, as compared to 

that specified in the structural plans, bar placing drawings, and bar lists, 
reveal several discrepancies in each of the pieces. While the discrepancies 
could not be classified as being gross (in some cases more steel is present 

than is specified), they do indicate that mix-ups in placement did occur generally 
and they leave open the possibility that major discrepancies could have occur- 


red elsewhere in the roof. 


As noted previously there was a construction joint in the roof slab in the vicinity 
of line 5. Structural plan S-] and the designers" specifications require a key 
and additional reinforcing steel for such joints, but testimony indicated that 


the specified key was not incorporated and that no additional steel was placed. 


The previous discussion about the low strength of the roof slab concrete need 
not be repeated here, but it is important to recognize that the strength defi- 


ciency occurred throughout the slab. 

C. PHASE THREE: THE GENERAL COLLAPSE 

The 16th floor slab was subjected to an even more severe loading than had been 
imposed on the roof slab. Ignoring any dynamic effects caused by the fall of the 


roof, the maximum shear stress induced in the 16th floor slab at the critical 


section around columns E5 and F5 would have been about 269 psi on the assump- 
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tion that the distribution of superimposed load on the 16th floor was the same 
as that on the roof slab. This shear stress could have been increased as a 
consequence of flexural yielding in the 16th floor slab adjacent to the east face 
of the elevator core. In this case failure could be anticipated if the concrete 


compressive strength was below about 4200 psi. 


Three 4 inch diameter cencrete cores were taken from the uncollapsed 16th 
floor slab on March 13, 1971. These cores were tested on March 15, 1971, 

and gave compressive strengths of 3350, 3440, and 3710 psi. In addition a 
series of 4 inch diameter cores was taken of February 10, 1971, from a piece 
of floor slab saved from the collapse (marked T 71) which is believed to have 
come from the 16th floor. Three of these cores appeared to be sound. They 
were tested on February 12, 1971, and had compressive strengths of 3170, 

3440, and 3450 psi. The concrete from one of the three cores from the 
uncollapsed floor slab was analyzed for cement content. This analysis indicat- 
ed a cement content of 572 pounds per cubic yard compared to the value of 


540 shown on the delivery slip. 


Guided by the results of the core tests, it is the Commission's opinion that 
the average compressive strength of the 16th floor slab, at the time of fail- 


ure,was approximately 3100 psi. 


Lateral propagation of the 16th floor collapse, similar to that on the roof slab, 
occurred under somewhat different loading and reinforcement conditions. Each 
successive floor was totally unable to support the load being dropped onto it. 
Failure, story-by-story,right into the ground was the only possible course. 
Had it not been for the elevator core,it is the Commission's opinion that the 


collapse would have propagated into the west half of the structure, | 


we 


Reinforcement 


Two particular features pertaining to the quantity and placement of reinfore- 

ing steel deserve mention in addition to those already discussed. First, many 
one story columns separated from the floor slabs during the collapse and were 
recovered nearly intact. Although structural plan S-6 clearly specified two 

sets of ties for each vertical column steel splice as well as the normal tie 
spacing of one set every 12 or 15 inches along the column height, examination 

of the recovered columns revealed the consistent absence of any ties in the 
splice regions at the base of the columns. Quite typically the first ties occurred 


36 to 40 inches above the base of the column. 


Another feature concerns the effectiveness of the connection between the 

typical floor slabs and the east face of the elevator core walls. The Structural 
Engineer made the same detailing error in specifying the length of the east- 
eet bottom slab bars for bay E5-E6-F6G-F5 in the 3rd to 16th floors as he made 
in the roof slab. As a consequence, no bars in the bottom of the slab pene- 
trated into the core walls. Additionally, a careful examination of the fracture 
surface at several floor levels on the east face of the elevator core indicated 
that as little as one half of the specified east-west top slab steel was actually 
placed. And finally, many top steel bars which were placed extended ‘only 
about one or two inches beyond the face of the wall and/or were at or below 


mid-depth of the slab. As a consequence of this combination of factors there 


was a definite plane of weakness at the east face of the elevator core. 
It is the Commission's opinion that these deficiencies reduced the structure's 


capacity to resist the propagation of the collapse; however, it believes that the 


total collapse probably would have occurred even without them, 


aul 


Design 


Reinforeed conercte flat slab construction has been widcly uscd for Pai, 

years, but a failure of such magnitude and extent is perhaps without preccdent. 
On the cther hand, shear failures around columns have occurred in the past 

and have led to collapses which propagated laterally to involve several bays and 
vertically to involve several stories. This form of construction, even if designed 
and constructed in conformance with accepted good practice, may be suscep - 


i | ° ° os ’ ° 
tible to such a propagating collapse in the event of a shear failure such as 


occurred at column E5. 
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A CATALOG OF IRREGULARITIES AND DEFICIENCIES 


Those deficiencies which the Commission believes to have been technically 
responsible for the collapse have been enumerated in the previous section. 
In addition to these technical causes, a number of other non-technical and 
technical irregularities and deficiencies occurredin the development of the 
project. With a different focus, this entire series of events, which began 
before the building permit was issued and continued up to the day of the 
tragedy, are listed below. 


A. - BUILDING PERMIT 


Immediately following the collapse, the Building Commissioner directed his _ 
department to assemble all available documents relative to this project. The 
plans submitted with the latest building permit application have not been found, 
The Commissioner states that the Building Department's copies were released 
for microfilming and somehow were lost. The Fire Department furnished the 
Commission a duplicate set of architectural, structural, and mechanical prints 
which carrycertain approval stamps which will be referred to in this section. 
The Commissioner provided the permit; the affidavit; an undated set of 

plans for the redesign of the heating, ventilating, and air-conditioning 
system which was commissioned by Loustan Contracting Corporation, 


the mechanical subcontractor; and a 13 page Loustan Corporation 
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memorandum entitled "Revisions us required by Boston Building Department - 
Plumbing Division" dated May 12, 1970. Documents relative to mechanical 
and elecivical approvals and certain shop drawings and brochures related to 


the mechanical work were furnished by the Building Department and by Loustan, 


The building permit which authorized the construction at 2000 Commonwealth 
Avenue was issued in part on the basis of Section 110 (i) of the then applicable 
Building Code of the City of Boston (Chapter 479 of the Acts of 1538, Common- 
wealth of Massachusetts, as amended). This Section permits the Building 
Commissioner to accept, without detailed review, an application "accompanied 
by plans and computations and an affidavit filed therewith by a competent 
architect or engineer to the effect that said plans and computations are in 
accordance with the requirements of this code and of all other pertinent laws 
and ordinances." This provision must be understood to assess the significance 


of the following factors: 


ib, The words. "competent architect and engineer" were in all likelihood | 
written in 1938 when Massachusetts had no registration law for either 
profession. Registration for professional engineers was adopted in 
1941 and became mandatory in 1958. Registration for architects was 


adopted in 1942 and became mandatory in 1957. 


In 1966, Section 54 A, Chapter 143 of the General Laws of the Common- i 
wealth was adopted, which requires that building departments and certain 
other authorities shall not approve plans, unless they bear the seal of 

a registered architect or registered professional engineer, Since this 

is a Massachusetts statute, the reference is clearly to Massachusetts 
recvistration and registration in some other state or country would not 


qualify. 
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The provisions of Section 54A of Chapter 143 were ignorcd for this 
project. We have examined all documents provided by the Building 
and Fire Departments and have failed to find onc which curries any 


revisiration stamp. 


The architectural plans carry the name of WEBB, ZERALA, AND 
MENKES, Architects of Montreal and Toronto, ‘The structural plans 
carry the names of WEBB, ZERATA AND MENKES and of M. S. YOLLES 
& ASSOCIATES, Consulting Struciural Engineers, The mechanical and 
electrical plans carry the names of WEBB, ZERAFA AND MENKES and 
of BRAIS, FRIGON, HANLEY, BRETT & RINFRET, Consulting Engineers. 
We have found no evidence that any principal or employee of Webb, Zerafa 
and Menkes is registered in Massachusetts. M. 8. Yolles holds Mass- 
achuetts registration 7971, as a professional engineer. We have found 

no evidence that any principal or employee of Brais, Frigon, Hanley, 
Brett & Rinfret is registered in Massachusetts. 

If computations accompanied the permit application, they have not been 
found. When M. S. Yolles was requested, after the collapse, to furnish 
his computations, he refused to do so. These calculations would indicate 
the design assumptions made, particular options excercised, and analyses 


performed by the Structural Engineer. 


A sworn affidavit, under the date of August 29, 1969, was filed with the. 
building permit application, It was signed by P. ‘J. Quinn as Vice 
President of M. S. Yolles and Associates. Mr. Quinn is not registered 
in Massachusetts. On December 15, 1969, he filed an application for 
Massachusetts professional engineer's registration which had not been 


acted upon by the Massachusetts board as of the date of the collapse. 


male 


Mx. Quinn's signature is notarized on August 29, 1969, by Victor G. 
Dravgone, 2 Suffolk County notary. Mr. Dragone's seal is impressed 


on the document. 


A statement regarding this affidavit was furnished to the Commission 
by the attorneys for M. S. Yolles and Associates. In this statement it 


is noted that Mr. Quinn acknowledges the signature to be his own, but 


-states that he did not swear the affidavit, did not intend to have it sworn, 


and did not at any time travel to Boston in connection with the project. 
Mr. Quinn does acknowledge that he could have given the signed affidavit 


to Mr. Jack Palevsky in Montreal. 


In testimony to the Commission, Mr. Dragone stated that he did 
notarize the signature and, coincidentally, at 2000 Commonwealth 
Avenue. He stated that he was with Bartholomew W. Cosentino, 
who introduced him to a Mr. Quinn. He also stated that he did not 


confirm Mr. Quinn's identification. 


The application for the building permit was dated August 27, 1969, 22. 
received by the Building Department August 28, 1969. It is signed by 

Jack Palevsky, 1 Center Plaza, Boston, as Owner or Authorized Agent 

for the Owner. The signature of Dante F. Montouri, 81 Dean Street, 

Co chitutate (sic), Massachusetts (with the note "Mass. P. E. Structural") 
appears on the line normally signed by the Boston Licensed Builder. 
Toulon Construction, Inc. , 4081 St. Catherine W., Montreal, Quebec 


is typed in as the Contractor. 


Mx. Palevsky is a principal of Toulon Construction, Inc. togcther with 
Messrs: John Alper and Bernard Palevsky. They also became part 


owners of record of 2000 Commonwealth Avenue on Sepiember 4, 1969. 


Mr. Montouri is not 2 licensed builder; however, the Building Commis- 
sioner wrote below Mr. Montouri's signature "Approved 4 Sept. 69 

R. R. Thuma, Jr."" The Commissioner has stated that he approved 
Mr. Montouri because, in his judgment, the qualifications of a profes- 


sional engineer are at least equal to those of a licensed builder. 


In testimony to the Commission Mr. Montouri stated.that he signed 

the application for Ken Cosentino, the son of Bartholomew W. Cosentino. 
He further stated that Mr. Palevsky's signature, the name of Toulon, 
and all addresses were filled in subscauent to his signing. (He noted that 
the $1 Dean Street address attributed to him was incorrect and that he had 
moved from that address several years prior.) Mr. Montouri stated 

that at the time of his signing he expected his firm, LaMont Coristruction 
Co., to be the contractor. Perhaps unknown to him was the fact that an 
excavation permit dated August 1, 1969, had been issued in the name of. 


Toulon. 
Section 120 (h).of the Boston Building Code states that: 


If, for any cause, a person licensed as herein provided shall 
cease to have charge or control of work ... before such work 
is finished, the work shall stop until another person duly 
licensed for the doing of such work has been placed in charge 
thereof. 
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After sivning the pane permit application, Mr. Montouri had no 
further association with the construction of the project. In this case 
none of the partics iuvolved, Mr. Montouri; Toulon, the Owners, or the 
the Building Commissioner, took any action which would have led to a 


stoppage of the construction. 


Mr. Montouri could have terminated his responsibility as Licensed 
Builder by filing a "sign-ofi' statement with the Building Department, 


but he did not file such a statement. - 


Mr. Palevsky knew that Mr. Montouri was to have no further association 
With the project. It was incumbent on him to supply, in Mr. Montouri's 
stead, a licensed builder, but no principal or employee of Toulon Con- 


struction, Inc. had a Boston builder's license. 


The Building Commissioner testified that he never was aware of the fact 
that Mr. Montouri was not in charge of construction. As noted in Section 
4F, the City's Building Inspector made 35 site inspection visits and he 
knew that Mr. Pierre Fontaine, and not Mr. Montouri, represented 
Toulon during construction. Apparently the City's Building Inspector 

did not know that Mr. Montouri was recorded as being the Licensed 


Builder, and consequently, he took no action to stop construction. 


When a building permit is issued on the basis of an affidavit, Section lll (h) 


of the Boston Building Code siates in part that: 


The commissioncr shall require that the architect or engineer 

who signed the affidavit or made the plans or computations shall 
supervise such work, be responsible for its conformity with the 
approved plans, and forthwith upon its compietion make and file 


With the commissioner written affidavit that the work has bccn done 
in conformity with the approved plans and with the structural pro- 
visions of this code. In the event that such urchitcct or cngincer 

is not available a competent person whose qualifications are approved 
by the commissioner shall be employed by the owner in his stead, 


The initial affidavit, Erne by P. J. Quinn, makes no direct refercnce 
to this section. Mr. Quinn provided no inspection nor have we found 
evidence that inspection by any other architect or engincer was provided. 
The City's Building Inspector, in 35 inspection visits, also failed to 
note the aksence of Mr. Quinn. The other party who might have done 


something to see that the intent of the Code was met was ihe Owner, but 


the Owner did not engage a professional to inspect construction. 


The -building permit was issued September 5, 1969. The permit appli- 
cation hes two stamps affixed under the date of September 4, 1969, one 
for zoning and one signed by Mr. Justin O'Farrell, pians supervisor, 
indicating that the plans had been submitted and that he had examined | 
them. The electrical and mechanical plans were determined by the 


Building Department as not conforming to the Code. Normally other 


detailed approvals are stamped on the permit before it is issued. 


The Building Commissioner has stated that it is not unusual to issue a 
permit with the understanding that detailed approvals will be added later 
and that no work to waich these approvals are pertinent will be performed 


prior to the appropriate aporovals. 


The building permit and the architectural site plan carry approval 


stamps for egress dated February 4, 1970, and for sprinklers, plumb- 


ing, vertical openings, and gas dated February 17 and 18, 1970. Some 


4 
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approvals were not made until May 20, 1970. 


Loustan Contracting Corporation, the subcontractor for plumbing, heat- 
ing, ventilating, and air-conditioning, employed Joscph Schneider, Boston, 
to redesien the heating, vetilating, and air-conditioning (HVAC) system. 
Mr. Schneider holds Massachusetts registration 6733 as a professional 
engineer. His plans were completed and delivered to Loustan in March 
1970. An undated set of these plans, carrying no registration seal, were 
approved by the Building Department on May 20, 1970. A second set, 
provided by Loustan, do carry Mr. Schneider's registration seal and 


include revisions dated May 8, 1970, and December 9, 1970. 


Although the Building Department has stated that the mechanical and 
electrical plans were tmaccentible as originally submitted, we have found 
no additional plans except those of Mr. Schneider. Except for the HVAC 
system, the Commission has not been able to determine the bases upon 


which the Building Department's subsequent approvals were made, 


From statements made to the Commission by the Building Commissioner, 
Mr. Justin O'Farrell, and Mr. Harold Kaiz, itis clear that Mr. Katz 
processed, for the Owners, the zoning change onJuly 3, 1968, and met on 
more than one occasion in August 1969 with the Commissioner and other 
members of the Department in relation to the project at 2000 Common- 


| 
wealth Avenue, 


From December 23, 1968, to at least November 10, 1970, Mr. Katz 
was an owner of record of the property at 2000 Commonwealth Avenue. 


From July 15, 1968, until September 1969, Mr. Katz was also special 
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counsel for the Boston Redevelopment Authority. Mr. Katz has stated 
that he did nothing more than any counsel for the owner might properly 


have done, and that he sold his interest in the project in September 1970. 


B. STRUCTURAL DESIGN 


One of the charges to our Commission was to determine whether or not the 
structural design for the subject building conforms with the Boston Building 


Code in force in September 1969. Our answer must be in two parts. 


First, the design was based upon the "ultimate strength" method contained in 
the Americal Concrete Institute 318-63 Code. The Boston Building Code in 
effect in September 1969 does not contain provisions for the design of reinforced 


concrete structures according to "ultimate strength” methods. 


Second, and on the other hand, authorization for the "ultimate Ss design 
approach is contained in Bulletin #176 issued by the Building Commissioner on 
May 2, 1967: 


Subject: Ultimate Strength Design - Structural Analysis 
and Proportioning of Members. 


Pursuant to authority granted under Section 116 (1) of the Boston 
Building Code, it is hereby determined that the design methods 
and design stresses set forth in the publication of the American 
Concrete Institute entitled "Building Code Requirements for Rein- 
forced Concrete" (A.C.I. 318-63 - dated June, 1963) shall be 
deemed to be in compiiance with the requirements of the Boston 
Building Code, Part 26, Section 2601. 


In the last few years most reinforced concrete buildings in Boston have been 
designed following the provisions of the ACI Code. 


—-Al- 


As his authority tor the bullctin the Comimissioner refers to Scction 116 (1) 


of the Code which reads in part: 


Whoever desires to substitute for the matcrials or methods covered 
by this code, materials or methods of consiruction ... not covercd 
thereby, shall present to the commissioner plains, methods of 
analyses ... or other information substantiating the analysis of the 
system, .... Such matcriais or methods of construction shall not 
be used until alter the commissioner has issued regulations fixing 
the practice to be followed, but no such reeulation shall have the 
effect of altering the working stresses for any material herein 
mentioned. 


In regard to the last clause of the quoted portion of Section 116 (1) it should 


= 


be noted that the working stresses in both concreie and reinforcing steel are 

- increased in "ultimate stren ergih"’ Gesigr 2 over those working stresses waich 

would result if structures were designed in accordance with the "working stress" 
nethod of design as provided for in Section 2601 et seq. of the then applicable 

Boston Building Code. It is necessary to point out, however, that "ultimate 

strength" design is a rational metzod of design and that the ACI Code is.a 

nationally recognized code for the design of reinforced concrete structures. 

The new Boston Buildirig Code, which took effect on July 1, 1970, directly 


incorporates the ACI Code. 


The Commission's consultants have reviewed in detail those aspects of the 
structural design which they believe might have contributed to the collapse, 
including the design of the roof slab, 16th floor slab, and 16th story columns 
and walls. For these aspects a fotlowing list enumerates the design features 


and details which were found not to conform with the ACI 318-63 Code. 


The structural design of the entire structure was also reviewed, although in 
much less detail. Excepting the enumerated nonconformities, the conception 
and execution of the overall design was judged to be generally in accord with © 


the ACI Code. 
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These analytical reviews have been conducted in relation to the available 


structural plans. It must be repeated that the Structural Engincer's calcula- 


tions - including the particular options exercised, assumptions made, and 


analyses performed - have not been made available to the Commission.. 


Around column E5 and at-other critical areas in the roof and in the typical 
floors the design slab thickness was 71/2 inches. For the design con- 
ditions stated on the structural plans, the ACI Code would require a 

minimum thickness of 8-3/4 inches for the slabs in bay E5,- E6-F6-F5, 


and thus, at column E5. 


If the steel reinforcement in bay E5-E6-F6-F5 had been designed for a 
yield siress of 40,000 pounds per square inch instead of 60,000 pounds 
per square inch as noted on the drawings, a thickness of 7 1/2 inches 
would satisfy the ACI Code requirements. For the analyses made by 

the Commission's consultants, the design top slab reinforcement extend- 
ing into the elevator core would not satisfy the design conditions, -given 


a steel yield stress of either 40,000 or 60,000 pounds per square inch. 


There were several discrepancies on the Cesign drawings between tne 
slab openings shown by the Mechanical Engineer and those shown by the 
Structural Engineer. Since the Structural Engineer used his own plans 
to detail the reinforcing steel there were inherent conilicts in the design. 
(The actual openings placed in the slabs did not correspond to either the 


Structural Engineer's or the Mechanical Engineer's openings.) 


The east-west bottom steel in bay E5-E5-F6-F5 of the roof and typical 


floor slabs was detailed incorrectly. To satisfy the ACI Code these bars 
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should have extended at least 6 inches into the clevator corce ills oA 
detail drawing contained in the specifications provided for this 
requirement but there wus an inconsistency between this detail drawing 
and the specified bar length. Mad the bars been 21 feet 7 inches long 
instead of the 17 fect 6 inches specilicd, the intent of the detail drawing 


and the ACI Code could have been met, 


4, The ACI Code requires that at least 25 percent of the negative slab rein- 
forcement in each column strip_pass over the column within a distance 
"a" on either side of the coiumn face. At columns E4. "Fd, E8,.bh9,-64, 
F5, FS, and F9 in the roof slab neither structural plan S-S nor the bar 
placing drawings specifically provided for this requirement. A uniform 
distribution of the specified steel would nearly, but not quite, meet’ the 
requirement. This deficiency is evident in a part of the roof slab over 
either column E5 or F5 which was saved from the collapse (marked 7 2). 


C. CONTROLLED CONCRETE 


Concrete Mix Designs 


1s The specifications prepared by the designers state that, prior to begin- 
ning. work, certificates of inspection and testing, prepared by an approved 
inspection company, are required as to the compliance of the proposed 
ageregates and cement with the specifications. Upon careiul investigation 
no evidence has been found by the Commission to indicate that such 


inspection and testing were performed or that such certificates were 


submitted. 
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The specifications also required, prior to beginning work, submittal of 
the "mix proposed for each class of concrcie giving proportions by dry 
weight of cement, coarse and fine aggregate, type and amount of admix- 
ture or air entraining agents, and water-cement ratio." This submittal 
, p, entrained 


i 
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was to contain "certification that compressive strength, slum 
air content and other specified properties will be met." Likewise Section 
2612 of the Boston Building Code, which applied to this project, required 
that tests be made in advance of the beginning of construction to establish 
that the proposed concrete mix designs would adequately provide for the 


specified concrete quality requirements. 


A letter from J. H. McNamara, Inc. to Toulon Construction,Inc., dated 
November 7, 1969, proposed certain mixes for 3000, 4000, and 5000 

psi compressive strength concrete. The submitting of this letter is all 
that was done relative to concrete mix design. Although the leiter did 
not satisfy the Code or specification requirements, the mix designs 
proposed therein apparently were the basis upon which J. H. McNamara 


supplied coner¢te to the site. The proposed mixes were: 


Class A B D Cc 
Nominal Strength, psi 3000 4000 4000 5000 
Cement, lbs/cu. yd. 540 580 640 705 
Sand, lbs. /cu. yd. 1410 1380 1330 1220 
Gravel, lbs/cu.yd. 1860 1860 1860 1860 
Water, gal. Perot, Ocean cost S550 oes 
Water/Cement Ratio, 

gal. /sack 5.92 Dae 5.26 4,84 
Darex, ounces/cu. yd. 

(air entraining admixture) 1.0 1.0 alas, 2.0 
Slump, inches 4 oe “& -t 
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These mixes were constituted with Atlantic and Atlas Type II cement 


and Plainville (Massachusetts) sand and gravel. 


In the following respects the proposed mixes do not conform to require- 


ments as stated in the dcsigners' plans and specifications. 


le The desien and the streneths of the proposed mixcs were not 
developed or verified by fabrication and test of a series of 
laboratory trial mixtures ulilizing the specific constituents pro- 


posed for use in this project. . 


b. The specifications require a water reducine admixture for all 
; > 


concrete, but none was included in the proposed mix designs. 


c: For concrete which will be exposed to the weather, the specifica- 
tions limit the water/cement ratio to a maximum value of 0.49 by 
weight (5.5 gal. /sack). In many places, such as balconies, para- 
pets, and the overhanging portion of the roof slab, 3000 and-4000 


psi concrete is exposed to the weather. 


d. Structural plan S-1 specifies that slump for all concrete shall be 


3 plus or minus 1/2 inch. 


The specifications and the Boston Building Code require that the mix de- 
sions be capable of safely providing the indicated compressive strengths 

at age 28 days. For the proposed mixes the cement content and the water/. 
cement ratios are the most significant parameters which would affect 
potential 2$-day. strength under standard conditions of curing. For the 


four proposed concretes it is the Commission's opinion that the proposed 
—— —_ 


cement contents and water/cement ratios are: 


arenes 


ooupne wr ewes 


Giass A ; B D CG 


Nominal Strength 3000 psi 1000 psi 4000 psi - 5009 psi 


Cement passable low satisfactory low 


Water/Cement 
Ritio passable high satisfactory high 


J. H. McNamara's proposal Siatoatres that the mix notcd by 4000 psi (D) above 
is intended to achieve a strength of 2000 psi at age 3 days. This mix design 
may have been proposed to meet certain construction conveniences, for the 
structural plans and specifications make no reference to different grades 


of 4000 psi concrete. 


The Supplied Concrete 


J. H. McNamara's delivery slips ( and invoices) indicate that 2500, 3000, 4000, 


and 5000 psi concrete was delivered to the site. The volumes of these classes 


of concrete were 105.5, 4780.5, 3495.5, and 517.5 cubic yards, respectively, 
for a total delivered volume of 8899 cubic yards. Of the 3495.5 cubic yards of 
4000 psi concrete, the invoices show 2993.5 cubic yards with 2 cement content 
of 5S0 pounds per cubic yard (as proposed for 4000 psi (B) concrete), 125.0 
cubie yards with a cement content of 640 pounds per cubic yard (as proposed 
for 4000 psi (D) concrete) and 377.0 cubic yards with cement content not 


stated. 
it The invoices do not indicate a mix for anv of the delivered 2500 psi 


conerete. The lowest specified strength on the structural plans is 


3000 psi. 


aa 


The structural plans specify air cntrainment for all of the 2nd to Sth 
floor slabs, for foundation and rctaining walls where cxposcd to the 
weather, and for all other concrete exposcd to the weather (including the | 
6th floor to the roof slab). The invoices indicate that Darex (an air entrain- 
ing admisxture)was included in the delivery of 1100 cubic yards of 3000 
psi concrete, 701 cubic yards of 4000 psi concrete, and 31.5 cubic yards 
of 5000 psi concrete. These indicated deliveries cid not provide for the 


required air entrainment in several locations, e.g. , in the roof slab. 


Although the designers' specifications prohibited any addition of calcium 
chloride, the Supplier's invoices indicate that 1 or 2 percent of calcium 


chloride was added to 1741 cubie yards of the delivered concrete. 


Although the designers' specifications required a water reducing admixture 
for all concrete, the Supplier's invoices indicate that such an admixture 
was included in only 296 cubic yards of concrete delivered on July 22, 


. 


1970. This concrete was placed in the 2nd floor slab. 


The concrete in the roof slab was specified to have a 28-day strength of 
3000 psi. It was cast on December 3 and 9, 1970. The Supplier's 

invoice for December 3 indicates delivery of 218 cubic yards of 3000 psi 
concrete with no mention of cement content. December 9 invoices indicate 
delivery of 85 cubic yards of 3000 psi concrete having 540 pounds of 
cement per cubic yard and 10 cubic yards of 3000 psi concrete with no — 
mention of cement content. Essentially all of this concrete would have 


been required to complete the roof slab. 


Analysis of actual cement content in six specimens taken from the December 


$ casting shows an average o£ 535 pouncs of cement pDercuvic yard. High 


and low values of 596 and 493 pounds ser cubic yard, respectively, 

were obtained. 

Analysis of actual cement content in five specimens taken from the Decem-=- 
ber 9 casting shows an average of 501 pounds of cement per cubic yard. 
High and low values of 530 and 488 pounds per cubic yard, respectively, 


Were obtained. 


6. 240 slumps were reported by the Testing Laboratory during the course of 
construction. The reported slumps ranged from a high of 7 to a low of 


a 


S inches. In only 37 of the 240 cases were fhe reported slumps equal to 
or less than the maximum permissible value {3-1/2 inches) in the de- 


signers’ specifications. 


Insvection 


Requirements for inspection and testing of concrete are stated in the specifica- 


tions prepared by the designers as well as in the Boston Building Code. 


The designers’ specifications call for appointment by the Architect of a test- 
ing company to make inspections and tests. Further they require 2 minimum 
of one strength test (2 cylinders) for each 100 cubic yards of each.class of 
concrete and not less than one strength test for concrete placed on any one day. 
A slump test is required to accompany each streng‘h test and an air content 
test is required for each 50 cubic yards of air entrained concrete. The Speci- 
fications require the contractor to furnish, at the construction’site, a facility 


for the proper storage of test cylinders. 


| 
For all conerete in this project the Boston Building Code required an approved 


concrete control engineer for: 


as Inspection of concrete proportioning and mixing at the 


Supplier's plant. 


slacement at the construction site. 


b. Inspection of concrete } 
co Conduct of 2 minimum of one strength testi (at least 3 cylinders) 


for each 150 cubic yards of each class of concrete and of not less 
than one strength test for concrete placed on any one day. 
For the 132 days on which concrete was delivered and placed, reports of 
the Testing Laboratory indicate that inspection at the batch plant occurred 
on only 44 days, inspection of site placement occurred on only 49 days, and 
strength tests were conducted for only 4G*days of concrete placement. 
Accordingly, the inspection and testing provisions of the Boston Building 
Code were met on about 35 percent of the days, not 100 percent as required, 
Inspection and testing occurred relatively more often for the larger 
dcliveries, but even on a concrete voiume basis, less than 70 percent of 


the 8899 cubic yards were inspected and tested. 


Concerning the lack of 100 percent inspection and testing, the one field 
employee of the General Contractor testified that inspection and testing 
was provided only at his request and that he did not request 100 percent 
inspection and testing. 

In testimony, 2 representative of the Testing Laboratory acknowledged 
that the Laboratory provided service only when requested to do so. 

Also in testimony, a representative of the Supplier acknowledged that he 
knew that 100 percent inspection was not being provided on the concrete 


shipped to 2000 Commonweaith Avenue. Further, he testified that the 
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lack of 100 percent inspection was not uncommon for other projects in 
Boston for which his firm supplicd concreitc. Although both the Test- 
ing Laboratory and the Supplicr knew that provisions of the Boston RBuild- 


ing Code were being violated neither of them demonstratcd any objection. 


When a set of cylinders was taken for compressive strengih testing only 
three cylinders were abricated, not four as required in the designers’ 
specifications. In several instances the Testing Laboratory reports 
contain strength test results for only one of the three cylinders in a given 
set, the reported result being for a 7-day strength test and the missing 


results being for 28-day strength tests. 


Testing Laboratory reports*contain 23-day compressive strength results 


for 111 cylinders. The reported results are summarized below: 


Nominal Strength (psi) 3000 4600 5000 

Number of testis Bo 52 24 

Highest strength (psi) 4238 4560 5689 

Average strength (psi) 3388 4097 5107 

Lowest strength (psi) 2798 30890 4481 

Coefficient of Variation 4) 6 2 
(percent) 


As indicated by the coefficients of variation, the scatier of these reported 
test results is unusually low. Such consistency was not obtained for tests 
of the relatively few concrete cores which subsequenily were taken from 

the uncollapsed portion of the structure. By comparison, 28-day compres- 
sive strength resulis for concrete whose quality is excellently controlled 


usually will have a coefficient of variation of up to 10. 
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Another measure of the uniformity of the reported laboratory test results 
is obiained by noting the difference between test results of companion 
cylinders. The 111 25-day cylinder test results were obtained from 54 
p2irs and 1 Sct of three compz2nioa cylinders. For these 55 groups the 
maximum difference in reported compressive strength among a given 


group is 297 psi. Such uniformity is unusually good for ficld specimens. 


Included in the reported 28-cay strength test results for the 3000, 4000, 
and 5000 psi concretes are 2, 10, and6 cylinders, respectively, which 
fall below the specified strength values. There is no evidence to indicate 
that the Testing Laboratory made any remonstration concerning these low 


resulis other than to report them on the Laboratory reporis. 


Not one of the Testing Laboratory's 44 plant inspection reparts make 
remonstration against the fact that mixtures batched deviated not only 
from specification requirements but also from the proposed mix Gesigns. 
In only one of the Testing Laboratory's 49 concrete placement inspection 
reports is there any indication that the inspector made any remonsiration 
concerning excessive water contents. This, in spite of the fact that 
results of slump tests performed by the Laboratory consistently exceeded 
not only the maximum permissible values cited in the specifications but 


also the values noted in the proposed mix designs. 


Although required by the designers' specifications no air content tests 


were performed. 


oe Althoueh required by the designers! specifications (and by common practice) 
ho proper site facility for the temporary storage of concrete test cylinders 
was provided. After the building collapse, a number of such cylinders 
were found in the ice and snow in various places on the property around 
the structure. : 

| Curing 


’ 


by the designers state that all coherete surfaces 


The specifications prepared 
must be maintained at a minimum iemperaiure of 55 F andin a moist condition 
for seven days after placing. T.:¢ specifications prescribe that "when outside 
temperature falls or may fall below 25°F but not below 10°F Curing placing or 
curing the protection period, provide acequate enclosures of concrete work 


With tarpaulins or insulation. Provide supplementary heat." 


c 


The roof slab was cast parily on December 3 and partly on December 9, 1970. 
The specified protection periods extended to December 10 for the December 3 
placement and to December 16 for the December 9 placement. Ojificial U. S. 
Weather Bureau records for Logan Airport, Boston, indicate minimum daily 
temperatures ranging from 15 to 24°F for both the period December 4 to 
December 10 and the period December 10 to Necember 16, 1970. Inasmuch as 
inland temperatures in Boston normally are below those at’Logan Airport 

during periods of cold weather, the minimum temperatures at 2000 Common- 


wealth Avenue likely were lower than those in the Weather Bureau records. 
iy Testimony has indicated that no enclosures were used to protect the 


roof slab during the specified protection period, nor was supplementary 


heat or moisture puxposefully provided for its protectior 
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As indicated in Secticn LD, the specificd protection was excluded from 
the Structural Subcontractor’s contract. This responsibility was assumed 


by the General Contractor. 


Because of its crucial bearing upon the collapse, cold weather protcction 
for the roof slab is emphasized above. In a more gencral scnse, testi- 
mony has indicated that the only purposeful cold weather protection which 
Was provided during the two wintertime construction periods occurred on 
one or two occasions in the winter of 1969-1970. For example, no 
purposeful protection was provided for any concrete in the thirteen 
Geliverics between December 10, 1970, and January 21, 1971, yet the 
minimum daily temperature at Logan Airport ranged between 2 and 31°F 


during that period, 


Concrete Strength 


Based upon an evaluation of test results obtained from concrete cores taken 


from the uncollapsed portion of the structure and from certzin pieces saved 


from the collapse, it is the Commission's opinion that the in situ compressive 


strength at 28 days was below the 3000 psi specified by the structéral plans in 


the following locations: 


Ii 


The entire main roof slab. In fact, the roof slab concrete strength was 


deficient at the time of collapse some 47 and 53 days after placement. 


The entire 16th floor slab. 


The top story columns (16th floor to roof). 
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4, The west (uncollapsed) side of the 15th floor slab. 


Although not a factor at the time of collapse, tests Indicate that conercte in the 
meehanical room (penthouse) floor slab had not reached the specified 5000 psi 


strength on March 15, 1971, some 49 days after placcment. 


2 


ie Although the structural plans, specifications, and reinforcing bar lists 
clearly stated that all reinforcing steel should be new billet steel, a sub- 
stantial percentage of the straight bars supplied for both columns and 
slabs was rail steel. The Steel Supplier has testified that he had only an 
oral contract with the Structural Subcontractor to supply high-strength 
steel with no mention of billet or rail steel and that he did not bid on the 
basis of meeting specification requirements. Nevertheless, the bar lists 
from which the Supplier filled the orders clearly noted that all steel 


should be new billet steel. 


Nine specimens of rail steel reinforcement taken from collapsed pieces 
were tested at room temperature. For eight of these ultimate elongation 
was obtained. While the ultimate elongations generally were significant- 
ly less than obtained from specimens of biilet steel, only two specimens 
failed to meet the American Society for Testing and Materials’ minimum 


requirements for new billet steel. 


2. In addition to the rail steel manufactured by the Supplier, billet steel re- 
inforeement manufactured in the United States (by Bethlehem Steel Corpo- 
ration, Hawaiian Western Steel Limited, Milton Manuracturing Company 
and United States Steel Corporation) as Well as in Argentina and Taiwan 


was found in the structure. 
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Fiiitcen specimens of billet stecl rcinforcement taken from collapsed 


pieces were tested. One specimen had a very low ultimate clonzation 


and another just failed to mect the yicld streneth requirements. 


The designers' specifications require a series of tests for cach 160 tons 


of stecl. 


No such tests were conducted and accordi ing to the Supplicr were 


not part of his oral contract. 


There 


> 


e were many deficiencies and deviations.in the placement-of specified 


reinforcement. It is, of course, a matter oc judement as to the border- 


line between deviations which occur in normal good practice and ceficien- 


cies which can be considered poor workmanship. While an exhaustive 


search for all possible deficiencies and deviations was not made, those 


sted below were recognized in the course of the investigation. 


Tics in the bottom 36 to 40 inches of numerous columas were omit- 
ted during construction. . 
Concrete cover for the vertical column bars varied from 4 inch 
(piece marked 179) to 8 inches (piece marked 119) instead of the 

ope Ye 
specified 1g inches. 
One collapsed column had 2 cross-section 12 x 29 inches with six 
#6 vertical steel bars (piece marked 113). All of the 12 x 29 inch 


columns on structural plan S-6 called for at least eight #6 bars. 


The vertical steel in one collapsed exterior column (piece marked 


123) consisted of two #7 bars and four #8 bars. There were seven 


collapsed columns of this size which should have contained six #8 


wl a 
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bars and fourtcen which should have contained six z7 bars, but none 
which called for the reinforcement found in vicce 123. A similar 


discrepancy existed in the column piece marked W 1 Opa 


The vertical bars for the top story columns were dctailed and 
supplied in 9 fect 2 Inch lengths. Two top story columns saved from 
the collapse (marked 12 and 719) had vertical stecl over 10 feet 
lonz. One bar from column I'S on the west side of the structure pro- 
trudes above the top of the roof slab and three of the bars from col- 
umn G9 have been burned off where they protruded above the top of 
the roof. 

The east-west top slab steel running into the elevator core wall in 


the typical floors was detailed and supplied as four #6 bars and 


five £4 bavs on each side of the hail opening. Detailed inspection 


of the east face on the Sth throuch 12th floors revealed a consistent 
deficiency of steel. No evidence of any #6 slab bars was found. In 


one case the four #6 bars were replaced with four 74 bars and the 


five #4 bars were omitted entirely. By appearance of photographs 


taken with a telephoto lens, these deficiencies were present in all 
floors. The use of #4 bars in place of the specified =6 bars is evi- 
dent 2s well on the west side where failure propagated around the 


corner of the clevator core on one of the typical floors. 


The vertical position of the slab reinforcement is erratic. In sever- 


al instances, the top steel is actually at or below mid-depth of the 


slab, especially around the elevator core. 


Four slab pieces saved from the collapse were positively identified 


hoe 


as being from the roof slab. Comparison of the reinforcement in 
these pieces with that which was dctailcd and supplied revealed 
several deficiencics (as well as overages). These are identified 
in Part II, Section 3. 


7 


he The roof slab and several of the typical floors were placed in two 
sections. The construction joint between roof slab pours is be- 
lieved to have been partly at line 4:5 and partly at line 53. Most » 
such construction joints on typical floors were located on the east 
side, but they do exist at two levels on the west side. Although 
structural plan S-1 specifies placement of additional steel dowels 


across such joints, testimony has indicated that no such additional 


steel was placed. 


series of bent bars contained in the Engineer's bar lists for the 16th 


tb 


tory columns were not scheduled or shipped by the Supplier. These 


Lh 


bars, presumably, were intended to be bent dowels to tie the 16th stor 
i > 


-columns to the roof slab. Inference oi t] his intent is contained in one 


detail on the bar placing drawings which called for such dowels. No such 


bent dowels were placed at the top of the 16th story columns. 


The construction joints at the top of the 16th story columns were placed 
at the bottom of the roof slab instead of 24 inches below the bottom as 
specified on the same detail drawing which included reference to the 


| 
bent dowels. 


Reinforcement was supplied to the job in taczed bundles. Information 
J i) 


on the tags included the number of pieces of 2 particular bar size, th 


ar length (for straight bars only), and the Supplier's bending designation 


ex 


mark (for bent bars only). In most cases the Supplier used the same bend- 
ing designation as shown by the Enginccr on the bar placing drawings and 
bar lists, but occasionally the Supplier designated bent bars with a mark 
which was used for other straight bars on the bar placing drawings and 

bar lists. The Commission has attempted, unsuccessfully, to determine 
the procedures used by the Structural Subcontractor to select and place 

the reinforcement. One can only speculate as to whether the erratic 

stecl placement was in part caused by confusion in the field with regard 


to the bar marking. 
E. CONSTRUCTION 


The lack of adequate shores under the roof slab has been identified as one of 
the princival causes of the failure. The lack of adequate shores contradicted 


the Structural Engineer's plans and specifications in the followings respects: 
> PS o is 


zi. The specifications state that "the minimum strength of concrete in place 
for safe removal of soffit forms is 70% of the specified 28 day strength." 
Further they state "do not strip within one. and a half bays of a con- 
struction joint until new concrete beyond the construction joint has 
reached 70% of its specified strength." 
A basis for removing forms and shores from under the west side of the 
_roof slab is the report of the Testing Laboratory which present 7-day 
compressive strength results for three cylinders from the December 3, 
1970, placement. These reported strengths are 2260, 2183, and 2317 
psi, each one of which exceeds 70% of the specified 28-day 3000 psi 
strensth. (Note that it is the Commission's opinion that the average 
in situ strength of this concrete, at the time oz colla>se or age 47 days, 


was only 1900 psi.) 
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Since there was no inspection or cylinder testing of the concrete placed 

to the exst of the roof slab construction joint on Dece sige Pp R WAN Ey ele: 
information was made available to the Structural Subcontractor as to the 
streneth of this concrete. Lacking such specified information, the de- 
cision to strip formwork on the cast side of the elevator core may have 
been based upon the gencral trend of all previously reported 7 ~day cylin- 
der test results. All but one of these results exceceded 70% of the specified 
28-day 3000 psi compre strcreth and in this one case the reported 
strength was 2084 psi. 

The specifications state that "stripping and reshoring shall proceed simul- 
taneously so as not to leave an areca greater than 100 square feet unsup- 
ported by either formwork or reshoring at any instant’. . . Maintain 
reshoring in place for 28 days or for such longer time as may be re- 
quired to ensure that the concrete has reached its desionated 28 day 
strength."' It is the Commission's opinion that none of the concrete in 

the roof slab had reached its designated 28-day strength at the time of 


collapse. 


tructural plans S-1 and S-8 clearly noted that superimposed construction 
loading on the roof slab should not exceed 30 pounds per square foot with- 
in the area bounded by the mechanical room wall beams. In this regard 
the specifications contain a section which states that "the reshores below 
a completed portion of the structure, which are to support a portion of 
the structure to be poured, shall be capable of saiely supporting the 
dead load of the structure to be poured plus construction loads." The 
weight of the freshly placed mechanical room floor slab and its immediate 


formwork alone approximated 150 pounds per square foot, yet the evi- 


dence indicates that adequate reshores were not used. 
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Structural plan S-8 specifically called for the placement of shores under 
the roof slab below the cantilever brackets which extend outward along 
column lines 4, 5, 8, and 9 from columns E4, E5, E8, E9, F4, F5, F8, 
and F9. These shores were to be placed prior to casting of the brackets : 
and mechanical room floor wall beams and were to be capable of carrying 
20 kips each Such shores were not placed next to columns E8, E9, F8, 
and F9 (the uncollapsed west side) and there is no evidence to indicate 


that they were placed next to columns E4, E5, F4, and F5 on the east side. 


_ CONSTRUCTION CONTROL 


In addition to the irregularities and deficiencies regarding inspection and "con- 


trol" of the concrete, which have been enumerated in Section 4C above, other 


important construction controls were lacking in this project. There was no 


architectural or engineering inspection of the project, inspection by the City of | 


Boston was ineffective, and the control exercised by the Contractor and Sub- 


contractors was inadequate. 


1. 


Although the specifications prepared by the designers contain many refer- 
ences to "on approval of the architect", "shall be submitted to the archi- 
tect for approval", etc., no architect or engineer was retained to see 


that the design was implemented. 


Mr. Kanieff, the general superintendent for the Structural Subconteactor, 
testified that he had never seen or spoken to a representative of either 
the Project Architect or Structural Engineer. Mr. ‘Fontaine, the only 
field representative for the General Contractor, testified that he had 
never seen a representative of either the Project Architect or Structural 
Engineer at the job site. In addition, they indicated that no other regis- 


tered engineer or architect provided inspection. 
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The Building Inspector for the Cily of Poston testi fied that he made 25 

site inspections during onstruction. Mr. Fontainc testified that he had 
seen the Building Inspeclor only two or three times in February or March . 
1970. Nr. Kantieif testified that he had seen t the Inspector perhaps 10 
times during the first months of construction. 


More important than the number of City inspections was their quatity. 


es 


Although the Inspector expressly admitted that one of his purposes for 
being on the ae was to see that the Affidavit Engineer was present 


(Section 111 (b) of the Building Code requires the Building Commissioner 


to see that the Affidavit Encineer SuUpEerv vises construction), his 35 reports 
> - 
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fail to note that neither the Affidavit Engineer nor the Licensed Builder 
of record was ever at the job site. Also, he testified that he never 
checked concreting, or curing, or any other structural aspect of the 
construction. 


In the absence of professional inspection, 2 responsible general con- 
tractor will substitute his own forms of construction control. In this 

the General Contractor employed only one man at the site. This 
man was not 2 licensed builder. It is clear from his testimony, as well . 
as that of others, that he did not direct in any detail the work of the Sub- 


contractors and did not supervise or inspect their work. In essence, the 


construction planning exercised on this project was such as was mutually 


arranged by th e Subcontractors. 
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CONCLUSIONS AND RECOMMENDATIONS 


The community was shocked that a tragedy of the magni tude that occurred on 
January 25 could happen. Indeed the formation of our Commission and our 
charge reflects this concern. 

Over the years the building industry, like other. aspects of society, has become 
more complex. With the development of ever more sophisticated technology 
and of complex financing and contraciural arrangements, the laws and regula- 
tions controlling construction have been expanded in an effort‘to protect health 
and safety and the public interest. As a consequence of this increased - 
complexity, the realization of any major building project requires the inter- 
active cooperation of many individuals, organizations, and agencies. It must 


he recocnized that no set of laws. regulations, or procedures can, by them- 


selves. prevent building failures. As a case in point, the failure at 2000 
Commonwealth Avenue WOULD NOT HAVE OCCURRED had the existing laws, 
reoulations, and accepted procedures been understood and mutually respected 
bv the several parties involved. We believe that this fact contains the most 


imnoriant lesson to be learned from the tragedy. 


The loss of life in this tragedy is particularly distressing. We wish to express 
a sense of dismay that the project could have proceeded through so many 


successive phases without anyone recognizing and making appropriate 


remonstration against the irregularities and deficiencies which took place. 


‘he public interest cannot tolerate a repetition of this series of events. 


Recognizing our principal conclusion, we, nevertheless, fcel that improvements 
in law, procedures, «and technology can be made which will diminish the risk of 
fumre building failures of this kind. Particularly we believe that improve- 
ments should be made: 
15s In the methods of assigning Reon ait and of ensuring 
competence for the design and construction, including inspection, 


of major buildings. 


me In the organization and in the staff competence of the Building 
Department. 
she In building codes relative to flat slab reinforced concrete con- 


structions, so that a local failure at one point of support is less 
likely to propagate a general collapse. 
Additionally, it would be Bessie to suggest improvements peria.ning to almost 
every one of the irregularities and deficiencies listed in Section 4. Instead, we 
commend to the Mayor only four recommendations. The first three pertain in 
turn to the three areas for improvement noted above, and can b accomplished 
by the City. The fourth recommendation pertains to the first area for improve- 


ment, but involves actions which can come only from the state legislature. 


Recommendation 1 


In order to mak 


2 owners fullv aware of their basic resnonsibilitv in the cevelo 


ment of a building project and in orcez to ensure that ovners engage adeauate 
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and competent professional services for all aspects of design and construction, 


we urge revisions in Scetion 10. Apvlication for Permit, and in Section lll, 


Permits, in the Buildine Code of the City of Boston. 


Section 10 now allows the Building Commissioner to accept, without detailed 
review, 2n application for a building permit wnich is accompanicd by plan 

and computations and an affidavit filed therewith by a compctent architect or 
engincer to the effect that said plans and computations are in accordance with 
the requirements of the Building Code. When this proccdure is followed, 
Section lll requires the Building Commissioner to see that the affidavit 
architect or engineer supervise construction, be responsible for its conformity 
With the approved plans, and forthwith upon compiction of construction, file 
With the Building Commissioner a second written affidavit that the work has 
been done in conformity with the approved plans and the structural provisions 


of the Code. 


In practice, the affidavit form is signed by the structural engineer who can in 
fact certify to the correciness only of his structural documents. No one certifies 
as to the conformity of the architectural or mechanical documents with-the 


building code. There is no mention on the first affidavit form that BE 


signatory must supervise and at completion file a second ffidavit. 
The affidavit procedure can be made more effective if its provisions and the 


affidavit forms are revised io place first responsibility on the owner and to 
require the signature of the licensed individuals who were responsible for the 
preparation of each aspect of the documents and for the inspection of the con- 


struction, 


The owner should be made fully aware of his duty to conform wi -th the Boston 


Building Code and to provide for the safety of all persons. ‘The owner controls 


ol ns 
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2 project through the quality of the individuals and organizations he retains for 
Zs design and construction and is in the best position to ensure that the 


4 


necessary quality control - so lacking in the devclopment and construction at 


rr 


2000 Commonwealth AV enue —is-exercised.. To meet his reponsibilities he 
3 - I] 


must provide professional services both for design and insyection to be per- 


formed by individuals licensed to practicé in the Commonwealth. 


Section 110 of the Building Code should be revised to deiine certain building 
project limits, above which use of the affidavit provisions would be mandatory 
to issuance of a building permit. Section lll does not define "supervision" or 
indicate the nature or extent of the supervision services which will be required. 
The word "supervision" is no longer used in agreements which define 
architectural and engineering services. To conform with current usage the 


word "inspection" should be subsiituted. 


The extent and regularity of inspection services which are reasonably neces - 
sary vary greatly with the scope of each project, the type of construction, the 
materials used and the type of mechanical installations. To facilitate 
implementation of a more precise affidavit procedure compre! hensive require= 
menis for inspection of construction should be established either by code 
amendment or by Commissioner's bulletin which will specify the nature and 
degree of inspection to be required for each type of construction, construction 
material, and mechanical installation. These requir ements must recognize 
that a lesser degree of inspection is adequate on siraighiforward conventional 
projects and installations of limited scope than is appropriate on large or 


complex projects. 


Any major building involves architectural, structural, mechanical, and elec- 


trical aspects. The plans for each aspect are normally prepared under the 


aiff 


lirection of different individuals. Whether or not the affidavit procedure is 
used, the Commissioner should require that all plans, spccifications, and 
computations Submitted as part of a building permit application carry the 
initialed Massachuscits registration seal of the indivicual responsible for 


their pre paration unless the proiect is of smail scope as defined in Massa- 


chusetts General Laws, Chapter 143, Section 45A. 


‘Whenever a building permit is to be issued in accord with the affidavit 


procedure we recommend the filingof two affidavit forms: . 


First Affidavit 


ffi 


The first a vit would be filed with the plans and computations and become 


part of the builcing permit application 


This affidavit would have twoobjectives. First, the licensed Architect and 
Engineers eng aged | by the owner would certify that their documents cont nioeted 
with the Building Code of the City of Boston. Second, the Owner would obligate 
himself to retain for construction a signatory Licensed Builder and such 
sienatory licensed professionals as may be required to satisfy the inspection 
provisions of the Code. If for any reason the connection of the Licensed 
Builder or any professional inspector is terminated the Owner would be 


obligated to stop construction unless the Commiss sioner had approved a sub- 


stitution on the affidavit form. 


The Licensed Builder would agree to direct the construction in accord with tne 
Code. The Architect and Engineers engaged for inspection would agree to 
render the appropriate inspection services, the code requirements for which 


would pe referenced or ati2ched to the affidavit. The Licensed Builder, 


Saetiadd 


Architect, and Enginecrs would agree to sign forthwith on completion a 
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second affidavit and, if their responsibilities in conncction with the work were 
for any reason suspended or terminated to file with the Commissioner a sign- 
off statement. The Owner's signature would be notarized, the Licensed 
uilder’s number would be entered and the Architect and Engineers’ signa- 
tures would be eccompanied by-their initialed Massachusetts registration 


seals. — 
Second Affidavit : 


Piling of the sccond affidavit would be required immediaicly on completion 


of consiruction and would be prerequisite to issuance of a certificate of 


occupancy. 


The Licensed Builder would SATE that all consiruction had been conducted 
in accord with all construction provisions of the Code and in agreement with 
the approved plans or subsequent changes which would have to be certified by 
an appropriate licensed professional as to their conforinity with the Code. 


The Architect and Ensincers would each certify that he had provided the inspection 
required by the first affidavit, that the construction conformed both with the 
inspection requirements of the Code and substantially with the approved plans 

or subsequent approved modifications. The Licensed Builder's number would 


be entered and initialed Massachusetts registration seals would be affixed. 


We believe that these changes will bring to the owner increased awareness of 


his responsibility and will lead to improved quality in des ign and construction, 


Reeommendation 2- 


In order that the Building Department may be better able to fulfill its role in 


the building process, we urge an upgrading of the administrative procedures 


by which it attempts to 2ccomplsh its objectives nnd of the technical compctence 


must implement these proceedures. 


of the stait which 
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Durine the last deczde Boston has experienced a building boom. Not onl 
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has there-been 2 tremendous increase in the number and size of building 


projects, but the complenitics of devclopment methods, dcsigntypes, and 
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consiruction methods have increased significantly. In direct proportion to 


this boom, the demands upon the Building Department have increased. 


In the last few years, the Building Commissioner has implemented anew 
building code and a number of more rationa administrative policies and pro- 
cedures. Since the tragedy at 2000 Commonwealth Avenue he has instituted 
a series of inspection forms which constitute a check list for the city building 


inspectors and provide a record of the conditions found at each inspection. 


Commendable as these past and current improvemenis may be, much more must 
be done if the Building Department is to function effectively. We recommend 
that the City undertake a complete review of the entire operating volicy of the 
Department and develop, with the Commissioner, a total administrative 


system commensurate with current and future needs. 


In our principal conclusion we noted that no set of regulations or procedures are, 
themselves, sufficient. No administrative system, however vood, can be 
effective if those on the operative staff are not capable of discharging their 


responsibilities. To protect properly the interesis of the citizens of Boston, 


the staff of the Building Department must have sufficient compctence to 


> 


unction effectively in the building process. 


Among the current staff of the Building Department, 


which numbers about 


130 employees, the Commissioner and Mr. Justin O'Farrel 


registered professional engincers. Tke steffi dces not incl 


architect.. Only three employees have a degree fro na 


= 


are 


the only 


1 4-year college or 


university. Two of these are legal assistants ae the other is the Commis- 


sioner, who has 2a degree in civil engineering 


These facts must be considered in relation to the tech 


mical nature of the build- 


ing industry. One mighi liken the current situation in the Building Department 


to a situation wherein one attempts to operate a Law Depa 


artment without any 


lawyers. We believe that the technical competence oi the Building Department 


must be upgraded. 


Recommendation 3 


In order to assist the engineering prot ressi on in its cont 


In 
dine 


concre 


ing 


cevelonment of - 


code procecures for the safe desien of reinforced lab constructions, 


we urge that the technical aspects of our report be n 


e gen 


1er 


ally available. 


We believe that such release would bring to bear on the construction industry 


the lessons which we have learned from this tragedy and, in consequence, 


serve to upgrade the standards of the industry. Even more i 


however, we believe that the rropagating col lapse experienced at 


importantly, 


2000 Common- 


wealth Avenue deserves the attention of those individuals, agencies, and 


organizations who have the responsibility to cevelop co 


practice for the design of reinforced concrete flat slab buil 


des and standards of 


Hundreds of rcinforced concrete flat slab buildings have been constructed 

and the vast majority have performed satisfactorily. In spite of this fact we 
believe that structural engineer's, in both rescarch and practice, will wish to 
examine the particular characteristics of this structure and the nature of the 


progressive collapse which occurred. 


A concern for progressive collapse of buildings was raised in England in 1968 

as 2 consequence of the failure of a precast conercte apartment building in a 
Gevelopment known 2s Ronan Point. The precast structure of this apartment, 
consisting of ilcor and wall panels assembled at the site»was wholly different 
from the cast-in-place structure at 2000 Commonwealth Avenue. The initial 
cause of failure was 2 gas explosion and the nature of the progressive collapse 
quite different. However, an neces teat ng Commission, s similar to our own, 
recommenced the development of "code" requirements whi ch would prevent 
progressive collapse in such precast concrete apartment buildings. The 
authorities in England subsequently developed requirements and today designers 


must Gemonstrate that removal of any one elemeni of a structyre will not lead 


to a progressive collapse. 


Many research programs have been conducted relating to the shear strength 

of a flat slab around a single column, butit appears that more studyshould be 
given to the concitions of a complete flcor slab in the event of shear failure 
around one column. At 2000 Com monwealth avenue a shear failure arounca one 
column propagated laterally to include an entire half of the structure at both 25} 


the main roof and later at the 1€th floor. 


The principal parameters which influence this type of behavior are loading, 


span lengths, and quantity and distribution of steel reinforcement. Future 


Chit a> 


eT ed 


research should be able to determine the limiting conditions undcr which such 


lateral propagation would be expected (or precluded). I should be possible to 


ot 
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arrive at design procedures which would preclude such failures. 

Our report has been organized to facilitate this third recommendation. The 
technical content is contzined in Part I, Sections 1C, 2, $, 4B through 4D, 
and Part Ii. 


Recommendation + 


lationship between state requirements 
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In order to establish an etic 


ana needs of the Eoston Building Department, we recommend state legislation 


io amend existing statutes regerdine rezistration and practice of architects 


and engineers in Massachusetts. 


A. Massachusetts General Laws, Chapter 12, Sections 81D-SIT, relative 


to registration of professional engineers and of land surveyors, Broutd 
be amended to reg uire that professional engineers be registered 


specifically as structural, mechanical, electrical, and/or sanitary 


engineers and that their seals oi registration carry the appropriate 
designation. 


J oO 


B. Massachusetts General Laws, Chapter 112, Sections 81D-SIT, relative 
to registration of professional engineers and of land surveyors, and 
Chapter 12, Section 60 A to 60 L, relative to registration of architects, 
both should be amended to make it clear that preparation of plans for 
structures to be erected in Massachusetis constitutes practice in 


Massachusetts no matter where such preparaiion is carvied out. 


snk is 


Cy Massachusetts General Laws, Chapter 112, Section S4A, pertaining to 
the approval of plans by building departments and other authorities, 
should De amended to require; 
is That all plans carry the inilizled seal of registration of the 

aN shiteect or envinecr responsible for their preparation unless 
the plans periain to Small projects currently exempted from the 


provisions of this section. 


ae That the architectural plans carry the initialed seal of a 
registered architect, unless the building department rules that 
the erchitecwral work is minor and can be considered incidental 
to other work. ; 

at That the structural, mechanical, electrical, and sanitary plans 


carry the initialed seal of a professional engineer licensed in the 
appropriate specialty, unless the building department rules that 
a particular aspect of the work is minor and can be considered 


incicental to other. work. 


These changes key directly to our suggested procedure for implementing 


Recommendation l. 
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Architectural Rendering Of The Designed Building 


Photograph Of Constructed Building Taken Two Hours Before 


mom 


The Collapse 

Schematic Building Plan 

Typical Floor Plan 

Main Roof And Mechanical Floor Plan - 


Photographs Taken After Collapse Of The Roof Slab But Before 
The Gereral Collapse : 


Photograph Of The Generai Coilspse In Progress 
Photogrephs Showing The Aftermath Of The Collapse 
Eyewitness Plan: Roof 

Eyewitness Plan: 16th Floor 


The Extent Of The Collapse 


TABLES 
Test Results For Roof Slab Concrete Placed on December 9, 1970. 


Test Results For Roof Slab Concrete Placed on December 3, 1970. 
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Analyses of both the east and west halves of the main roof slab and the east 

half of the 16th floor slab were made. These analyses consisted of two basic 

parts: (1) a determination of the gross internal forces (i.e., axial forces, 

shear forces, and bending moments) induced in the slab and its supporting col- 
umns and walls according to the assumptions of elasticity and (2) a determination 

of the capacity of a particular portion of the slab to resist the previously determined 


forces. 


There are several analytical procedures which can be used to calculate gross in- 
ternal forces in the roof slab. All of these procedures account for static equili- 
brium with the applied loads and they vary only in the degree to which they simu- 
late the continuity of the actual structure. The so-called finite element method 
of analysis allows one to most closely simulate the actual conditions in the roof 
slab of the structure at.2000 Commonwealth Avenue. Although the finite element 
method of analysis normally is not used in the design of such a structure, it is 
‘considered to be the most accurate practical method of analysis which is cur- 


rently available and it was used in this investigation. 


The capacity determinations were based on procedures and formulae drawn from 


published analytical and experimental research, 
A. - EAST SIDE OF MAIN ROOF 


ti Finite Element Analyses 


Seven finite element analyses were made for the east half of the main roof. Six 
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of the analyses were based on the grid shown in Figure 1.1. The accuracy of a 
finite element analysis which incorporates rectangular elements is generally 
thought to be improved as the number of elements in the model is increased and 
as the elements themselves become more square. Because the grid in Figure 1.1 
is relatively coarse and because it incorporates several elongated elements, one 
analysis using a finer grid was made. It was based on the grid shown in Figure 


iis ae 


Grid Shown in Figure Dat 

In Figure 1.1 the roof slab, from the east edge to line 8, is divided into 176 
rectangular elements. In general the element thickness is taken as 7 1/2 inches 
but in the three areas shown by crossed lines the slab thickness is taken as 9 
inches. Of course, the roof does not terminate in line 8, but the results deter~ 
mined for areas east of line 7 will be reasonable accurate provided that one intro- 


duces sensible boundary conditions into the model along line 8. 


The finite element model includes supporting elements, each of which is assumed 
to be rigidly attached to the roof slab, to extend down 9 feet 6 inches (to the 16th 
floor), and to be fixed at its base. In the model, columns 1 through 12, 15, 16, 

19, 20, 31, and 32 represent actual columns in the real structure. Columns C5 
and H5 in the actual structure are each represented in the model by a rigid 
frame consisting of two columns and a strong beam. For example, column C5 

is represented by column 17, beam 34, and colum% 18. In five of the six analy- 
ses the elevator core walls are represented by the ten columns numbered 21 
through 30. In one analysis the accuracy of this last representation was tested 
by representing the elevator core walls as a group of finite elements rather than 


as a group of columns. 


Alf 
& ff 


Careful comparison of the grid layout shown in Figure 1.1 with the contract 
dacuments will reveal some discrepancies. Columns 5,8 through 14, and 17 

| throu; 32 are correctly located.on the finite element grid, but the positions of 
columns I through 4, 6, 7, 15, and 16 are not exactly reproduced. The Y co- 
ordinate of column 16 (column E5), for example, should be 10.917 feet instead 
of 11 feet. FOEneT minor deviations exist in both the extent and thickness of the 
roof slab itself. For example, the Y coordinate of fomts L262 4 3G. 45,560, 
and 72 should be 34.25 feet instead of 35 feet and the extent of the slab portions 
which were thickened to 9 inches is not precisely reproduced in the finite ele- 
ment grid. By using many more elements one could develop a grid which would 
precisely represent the actual conditions. Such an effort is not justified because 
it would result in large computer programming and computer time costs for 


small increases in the precision of the results. 
Each of the analyses had a particular purpose: 
Run 1 


Assuming that there was no shoring, determine the bending moments, 
shears, and thrusts throughout the roof slab and its supporting columns 
for a loading consisting of the weight of the roof slab (94 pounds per square 
foot for 7.1/2 inch thick portions and 112 pounds per square foot for 9 inch 
thick portions); the formwork for the preehinicat room floor (18 pounds per 
square foot); the freshly placed mechanical room floor slab (75 pounds per 
square foot for 6 inch thick portions and 112 pounds per square foot for 9 
‘inch thick portions), wall beams, and brackets (assuming placement from 
line 8 to line 5); two boilers (6 kips each); one compressor (2 kips); and 

’ some miscellaneous construction materials such as reinforcing bars 


(1 kip). These loadings are documented in Part II, Section 5. 
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of the analyses were based on the grid shown in Figure 1.1. The accuracy of a 
finite element analysis which incorporates rectangular elements is generally 
thought to be improved as the number of elements in the model is increased and 
as the elements themselves become more square. Because the grid in Figure 1.1 
is relatively coarse and because it incorporates several elongated elements, one 
analysis using a finer grid was made. It was based on the grid shown in Figure 
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Grid Shown in Figure 1.1 

In Figure 1.1 the roof slab, from the east edge to line 8, is divided into 176 
rectangular elements. In general the element thickness is taken as 7 1/2 inches 
but in the three areas shown by crossed lines the slab thickness is taken as 9 
inches. Of course, the roof does not terminate in line 8, but the results deter- 
mined for areas east of line 7 will be reasonably accurate provided that one intro- 


duces sensible boundary conditions into the model along line 8. | 


The finite element model includes supporting elements, each of which is assumed 
to be rigidly attached to the roof slab, to extend down 9 feet 6 inches (to the 16th 
floor), and to be fixed at its base. In the model, columns | through 12, 15, 16, 
Pec cole and os represent actual columns in the real structure. Columns C5 
and H5 in the actual structure are each represented in the model by a rigid ~ 
frame consisting of two columns and a strong beam. For example, column C5 

is represented by column 17, beam 34, and column 18. In five of the six analy- 
ses the elevator core walls are represented by the ten columns numbered 21 
through 30. In one analysis the accuracy of this last representation was tested 
by representing the elevator core walls as a group of finite elements rather than 


as a group of columns. 


Careful comparison of the grid layout shown in Figure 1.1 with the design 
documents will reveal some discrepancies. Columns 5,8 through 14, and 17 
through 32 are correctly located on the finite element grid, but the positions of 
columns 1 through 4, 6, 7, 15, and 16 are not exactly reproduced. The Y co-. 
ordinate of column 16 (column E5), for example, should be 10.917 feet instead 
of 11 feet. Other minor deviations exist in both the extent and thickness of the 
roof slab itself. For example, the Vicoordinate of joints 12, 24, 36, 48, 60, 
and 72 should be 34.25 feet instead of 35 feet and the extent of the slab portions 
which were thickened to 9 inches is not precisely reproduced in the finite ele- 
ment grid. By using many more elements one could develop a grid which would 
precisely represent the actual conditions. Such an effort is not justified because 
it would result in large computer programming and computer time costs for 


small increases in the precision of the results. 
Each of the analyses had a particular purpose: 
Run 1 


Assuming that there was no shoring, determine the bending moments, 
shears, and thrusts throughout the roof slab and its supporting columns 
for a loading consisting of the weight of the roof slab (94 pounds per square 
foot for 7 1/2 inch thick portions and 112 pounds per square foot for 9 inch 
thick portions); the formwork for the mechanical room floor (18 pounds per 
square foot); the freshly placed mechanical room floor slab (75 pounds per 
square foot for 6 inch thick portions and 112 pounds per square foot for 9 
inch thick portions), wall beams, and brackets (assuming placement from 
line 8 to line 5); two boilers (6 kips each); one compressor (2 kips); and 
some miscellaneous construction materials such as reinforcing bars 


{1 kip). These loadings are documented in Part II, Section 5. 
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Evidence indicates that there was a series.of shores under the overhang- 
ing portion of the east half of the roof slab along the entire perimeter. To 
determine whether such shores could ee any load which is placed inside 
the exterior columns, Run 1 was repeated except that the dead weight of 
the overhanging roof slab elements was removed (e.g., elements 1 to 11, 
22, 32, 43, etc.). In Run 2 it was also assumed that placement of con- 


crete in the mechanical floor had progressed three feet east of line 5. 
Run 2A 


To check on the propriety of replacing the elevator core walls by a 

series of ten columns, this Run duplicates Run 2 except that columns 21 
through 30 are replaced by ten (wall) elements, and 7 pounds per square 
foot are added for reinforcing steel in the yet unnlaced mechanical room 


floor. 
Run 3 


Run 1 (and Run 2) indicated the Breen of large slab bending moments 
perpendicular to the east, south, and north faces of the elevator core. 
These bending moments could not have been resisted elastically by the 
designed slab, and accordingly, yielding must have occurred at these lo- 
cations. This Runis the same as Run 1, but assumes free rotation of 
the roof slab perpendicular to the east face, southeast face, and north- . 
east face of the elevator core. (It also assumes that placement of the 
mechanical room floor and wall beams had progressed three feet east 


of line 5, that the reinforcing steel for the yet unplaced mechanical room 
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floor weighed 7 pounds per square foot, and that each boiler weighed 


8 kips instead of 6 kips.) 
Run 4 


Eyewitness accounts (corroborated by analysis of available shear capacity 
to resist the forces determined in Runs 1, 2, and 3) indicated a slab shear 
failure around column 16 (column E5). This Run is the same as Run 3 ex- 


cept that column 16 is removed. 
Run 5 


As expected the results of Run 4 indicate a lateral transfer of loads and 
forces away from column 16. To give an indication of the continuation 


of such lateral transfer, this Run removes column 15 (column F5). 


Grid Shown in Figure 1.2: 


The grid shown in Figure 1.2 is for only the southeast quarter of the roof slab. 

It contains the same grid lines as those in Figure 1.1,. but further subdivides 
several of the elements. Symmetry boundary conditions are assumed along the 
edges at lines E 1/2 and 61/2. The elevator core walls down to the 16th floor 
are represented by two levels of finite elements. 

The ane analysis based upon the fine grid is identified as Run 2B. It incorporates 


the same loading conditions as the previously described Run 2A. 


Ze Shear Stresses in Flat Slabs Near Columns 


References: 


Hanson, N. W., and Hanson, J. M., "Shear and Moment Transfer 
Between Concrete Slabs and Columns," Journal PCA Research and 


Development Laboratory, V. 10, No. 1, Jan. 1968, pp. 2-16. 


Moe, J., "Shearing Strength of Reinforced Concrete Slabs and Footings 
Under Concentrated Loads," Res. & Dev. Bulletin D47, Portland 


Cement Association, April 1961.° 


Di Stasio, J., and Van Buren, M. P., "Transfer of Bending Moment 


Between Flat Plate Floor and Column," ACI Journal, V. 57, No. 3, 
Sept. 1960, pp. 299-314. 


Commentary on Building Code Requirements for Reinforced Concrete 
(ACI 318-63), American Concrete Institute. 


"Proposed Revision of ACI 318-63: Buiiding Code Requirements for 
Reinforced Concrete, " ACI Journal, V. 67, No. 2, February 1970. 


Mast, P.E., "Stresses in Flat Plates Near Columns," ACI Journal 


V. 67, No. 10, October 1970. 


ACI-ASCE Committee 326, "Shear and Diagonal Tension," ACI Journal, 
V. 59, Nos. 1, 2, and 3, January, February, March 1962. 


These references are representative of the published literature in this subject 


area. For the case where both vertical load and bending moment are trans- 


ferred from a flat slab into a column, a simplified expression for determining 


the maximum slab shear stress at a cricial section around the column has been 


suggested; 
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Where V = Vertical Load Transmitted to Column 
M = Bending Moment Transmitted to Column 
b, h =-Column Dimensions | 
d = Depth from Center of Gravity of Tensile Reinforcement = 
in Slab to the Compression face. 
K = Moment Reduction Factor, Expressed as a Fraction 
J = Property of Slab Section Analagous to Moment of Inertia 


Several different values of K and different expressions for calculating J have 

been suggested. These differences have ocurred because different investigators 
have attempted to relate the same simplified formula to a phenomenon which is 
inherently more complex than the formula indicates. On the basis of correlating 
the series of ultimate load test results shown in the graph below with the simplified 
formula, the authors of reference 1 suggest that shear failures might be expected 
if: - 
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This conclus:on with a speculative refinement for calculating the value 


of K 
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is included in the "ultimate load" method for the design of flat slabs as suggested 
in reference 5. The speculative refinement gives K = 0.4 only for square 


columns, 


For the 12 x 24 inch column cross sections which are of concern in the 2000 
Commonwealth Avenue structure, the refinement for K would give 0.34 or 0.46 
depending upon the direction of bending. Such refinement does not seem justified 
in this case, especially since the effect woule be more or less cancelled as a 


consequence of biaxial bending. 


In this investigation the slab ultimate shear capacity around a given column is 
determined on the vasis of Equations (1) and (2). If the compressive strength 

of the concrete is known, failure may be expected if the maximum shear stress 
calculated by Equation (1) exceeds the limit noted in Equation (2). Alternatively, 
the shear stress calculated according to Equation (1) may be inserted into Equation 
(2) to determine a minimum concrete compressive strength which would be needed 
to preclude failure. The following list notes required compressive strengths for 


a range of calculated maximum shear stresses. 


Calculated Minimum Required Compressive 
Strength to Preclude Failure 


Sener (psi) é ; ’ i (Snax)? at 
Ceeeiic 
155 1500 
179 : 2000 
200 * 7 2500 
219 7 3000 
237 | 3500 
253 4000 
268 3 4500 
Results for East Side of Main Roof 
Run 1 
At Top Vv =o MS My 
of Column kips (kip ft.) ‘kip ft.) 
3 (E2) 30.8 6.2 7.0 
7 (E3) 34.9 4.6 -0.4 
11 (E4) 37.8 10.8 -0.8 
16 (E5) 72.9 4-7 22.2 
15 (F5) 72.0 -6.5 21.3 
21 | 55.9 100.7 -90.5 
yf SEMOn 16.5 -2.6 -70.6 
pay lees 16.2 3.0 -70.7 
CY Nets 59.3 -111.9 -93.4 


All perimeter joints deflect downward. These deflections range from 


0.002 to 0.013 feet. 
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Runs 2, 2A, and 2B 


etn eS 


At Top 


of Column 


Run 2 


3 (E2) 
7 (E3) 
11 (E4) 
16 (E5) 
15 (F5) 


ZL 
East Wall 


Elevator 


Core 
24 


Run 2A 


3 (E2) 

7 (E3) 
11 (E4) 
16 (E5) 
15 (F5) 


17.6 
37.1 
40.7 
77.5 
76.6 
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3.4 
9.6 
8.2 

-10.0 

(104.3 
2.8 
3.1 

115.5 


2.9 
3.6 
11.4 
10.0 
-11.8 


28.3 
-2.3 
-0.2 
22.3 
21.5 


At Top V cate M 


| z y 
of Column (kips) (kip ft.) (kip ft.) 
Run 2B 

1 (E2) ae 172 ae 4.608 29.8 

3 (E3) 37.2 7.1 -2.5 

5 (E4) pase 39.9 | 14.6 Ee-0.9 

7 (ES) T1723 16.1 23.7 


In Runs 2, 2A, and 2B all perimeter joints deflect upward. These deflections 
range from 0.001 to 0.014 feet. This fact shows that perimeter reshoring would 
not be effective for helping to carry superimposed loads on the interior portions 


of the main roof. 


Also it should be noted that the axial loads and bending moments induced at the 
tops of the interior columns are not significantly influenced by.loads on or shores 


under the overhanging slabs. 


Ccemparison of results from Run 2A (coarse grid) and Run 2B (fine grid) indicates 
that the coarse grid gives reasonably accurate results. The most significant 
difference in the result is for the M, bending moments induced in the E line columns. 
The Run 2B results are felt to be more accurate than those of Run 2A, principally 
because the fine grid does not contain very rectangular elements in critical areas 


and also because it has smaller elements. 


For the vertical shear and moments calculated in Run 2B, the maximum slab shear 
stress on a peripheral section out 3 inches from column E5 is computed on the fol- 


lowing page. 
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CRITICAL 
PERIPHERY 

1a 
SLAS THICKNESS = 77 
d=-6 


A = 2(0)!8+30)= 576 nt 


y= OF, BE a(so¥eh) 


) 
= 5852+ 648 +29!00 
=35640 n* 


4, - 2, 208 atayeiigt 


maT OOOS Rs + 48000 
= 70680 n* 


TyYPIcAL 


Y AND Z COORDINATE AXES ARE CONSISTENT WITH 


V : 0.4 M,(9) ; 0.4.Mz (15) 


Vax = 6576 35640 10080 
77.1 0.4(23.7%12)(9) — 0.4(10.1 «12)(15) 
eel CE SSE SETS, Oy po” SRN ETT eT 
7 BT TE 76680 


0.135 + 0.029 + 0.0!5 
0.179 “Ss! 
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OUTPUT OF COMPUTER RESULTS FOR EAST SIDE ANALYSES ~ 


Figures 1.3a through 1.3g contain plots of slab bending moments obtained from 


Run 2B. Figure 1.2 keys these several moment diagrams. 


Also shown on Figures 1.3a through 1.3g by horizontal lines are ultimate 
flexural capacities of the designed slab. Comparison of these capacities with the 
calculated moments indicates that yielding at the east face of the elevator core 


must have occurred. 


Not only does the analysis of Run 2B reveal a flexural overload along the east 
face of the elevator core wall, but also the shear condition in the roof slab at 

the corners of the core is severe. This condition arises because of the trans- 
fer of vertical load at the corners in addition to the transfer of slab bending 
moments into the core walls. In Run 2B the largest slab bending moments in 
the entire roof slab occur at the southeast corner of the core. Bending moments 
in this region are transferred into the core walls by shearing stresses in the 
same way as bending moments are transferred into column E5. The magnitude 
of the vertical load transferred at the southeast corner is indicated by the axial 
load (60.5 kips) calculated in Run 2 for the replacement column at the southeast 


corner. 


Assume at the southeast corner of the elevator core that the following section 


could transmit vertical shear and bending moment: 
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SLAB THICKNESS = 9" 


in Lu 
d= 75 
ae Z 


Mx AND My ARE SLAB 
ENOING MOMENTS 


+ ; 
ity SRN = “0 + 7.5(40)(10) + 7.5(40)(10)- 
Jp = 275), 0"| —. =40000 + 30000 + 20000 

=!00000 in* , | 


80 (7.5) = 600 n? 


> 


VV a NG Gye be 
A Ix Jy 


e 60.5 | Mx (10) i My (10) 
max “00 100000 100000 


Assuming a maximum available ultimate shear stress of 0.2 ksi at the corner 


of the critical sections, failure would be expected if 


Ping, 0.2001: 0:11 | 


= 82.5 up Feet 
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A comparison of this calculation with the bending moments M, and M_ in element 
150 of Figures 1.3f and 1.3b, respectively, (i.c., Run 2B using the grid in 
Figure 1.2) indicates that slab shear stresses at the corner of the elevator core 


were nearly as severe as those at column Eo. 


The foregoing analyses of Runs 1, 2, 2A, and 2B led to the analysis of Run 3. 
With the limiting assumption that the roof slab is free to rotate (hinged) at the 
face of the elevator core wall, the resulting forces induced into the top of column 


E5 are, predictably, increased. 


Run 3 
At Top _ V a M, | M, 

of Column . ; (kips) ; kip ft. (kip ft.) 
3 (E2) ee ae 30.7 | 6.2 - 6.7 
TS) sae 35.3 4.8.2 ip -0.02 
11 {E4) 38.6 12/929 e129 
16 (E5) 84.7 15.2 34.1 
15 (5) | 83.3 Site 8 Ree 32.6 
21 3 69.4 0 0 
7p] PEERS 3.7 ~13.0 0 
sg 2.3 14.5 rae eee 0 
Ba Core 74.6 0 0 


In accord with the previous discussion (under Runs 2, 2A, and 2B) regarding 
accuracy of the results from a coarse grid analysis, it is felt that the M, 
bending moment results. for Run 3 are too small. Instead of 15.2 kip feet for 


column E5, for example, a moment of 20 kip feet seems more reasonable. 
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With these conditions, the maximum shear stress along the critical section around 


column E5 would be 


84.7  0.4(34.1*12)(9) 0,4(20*12)I5 


Maat imine Mea 35640 | 70680 
PON 0, O+ lame tO. O19 
= 0.207 x6: 


With a maximum shear stress of about 179 psi (Run 2B) or of about 207 psi 
(Run 3 above) failure might be expected if the compressive strength were below 


2000 or 2660 psi, respectively. 


Run 4 (Remove column E5 from Run 3) 


At Top Vv M M 


of Column _  (kips) ~ (kip ft.) (kip ft.) 
3 (E2) 31.2 | 5.9 8.2 
7 (E3) 29.9 2:0 ee-10T 
10 (F4) 39.7 -26.9 3.4 
11 (E4) : 67.7 17.7 | 50.3 
15 (F5) 106.9 “96:3 fa 36.6 
21 70.2 0 0 
Ae 4.8 -15.4 0 
iS Cee 1.5 17.2 0 
Core 0 


24 105.5 0 


At the critical section around column 15 (column F5): 


106.9 | 0.4(36.6«12)(9) 0.4 (96.3 «12)(15) 


Mieke Tye 35640 16680 
= 0185 + 0.044 + 0.090 
* =O.3!9 xs! 
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In addition to throwing off load to eehenne 24, 15, etc., loss of column 16 (E5) 
caused the slab bending moments about the E and 5 lines to change dramatically. 
Whereas in Run 2B the slab moments about linc E between column E5 and the 
elevator core all indicate tension in the top surface of the slab (see Figures 1.3d, 
1.3e, and 1.3f), the results of Run 4 indicate that these moments change sign so 
that large tension stresses would be induced in the bottom surface. As designed, 
the north-south bottom steel was interrupted at line E. These facts explain the 
crack referred to by Mr. Fantasia (which he said ran from column E5 toward 
column D8) or the belly referred to by Mr. Feudo (which he said ran from the 


southeast corner of the elevator core toward column E5). 


Run 5 
At Top V M M 
Z ; e y 
of Column kips (kip ft.) kip ft. 
3 (E2) 31.6 5.9 ae 9.5 
7 (E3) 24,9 1e3 ) -18.9 
10 (F4) . 83.0 ~46.5 7 81.7 
11 (E4) | 83.5 45.7 82.1 
24 Southeast Corner 120.0 0 0 


Elevator Core 


_ The only purpose in making the Run 5 analysis was to give indication of the 
spread of load to columns E4 and F4 which might be anticipated. The forces 
induced at columns E4 and F4 certainly are large enough to indicate the possibili- 
ty of shear failure at these locations, but also the moments induced at several 
places (see computer output) are much larger than the flexural capacity of the 


slab. 
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The state of the art does not contain any procedure for analytically determinin 


the extent of lateral failure propogation in a flat slab structure in the event of 


shear failure at one column, 
Be EAST. SIDE OF SIXTEENTH FLOOR 


Tke distribution of load imposed on the 16th floor after collapse of the roof is 
not known exactly. Assuming that the entire roof slab came to rest statically 
from line 2 to line 6, the previously computed forces and stresses would be 


superimposed on the self-weight forces and stresses in the 16th floor slab. 


A finite element analysis was not made for the self-weight condition. The self- 
weight induced forces at column E5 were approximated by making: rigid frame 
analyses along lines 5 and E. The calculated moments were then reduced to 
account for the fact that a rigid frame analysis will give higher column moments 
than a finite element analysis. These calculations indicated for the top of the 


15th story column E5: 


: V self-weight 


= 37 kips 
Ae 
self-weight = 10 kip ft. 
M 
y self-weight = 4 kip ft. 


37, 0.4(4=12)(9) _ 2.4(10«12)(15) 


Vmax. ~ 576 35640 16680 
= 0.064 + 0.005 + 0.009. 
=0.078 xs! | 


* SELFE-WEIGHT AT COLUMN ES 


= 
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This self-weight slab shear stress would be addcd to the value of 0.179 ksi (Run 


2B) or 0.207 ksi (Run 3) calculated for the roof slab, giving 


0.257 51 < Vingx,, Cotumn E5, 1674 Froor < 0.285 Kat 


Even with 1 ac ow 257 psi failure might be expected if the concrete compres- 


Sive strength was below 4200 psi. 


It must be understood that the lateral propagation of collapse at the 16th floor 
level occurred under quite different conditions than had been present in the main 
roof. The loading, the Bo the quantity and location of reinforcement, the con- 
tinuity of the columns, etc. were all different. Analyses similar to those made 
for the roof slab would show, successively, the development of large forces near 


columns adjacent to a failed area. 
op WEST WIDE OF MAIN ROOF 


Figures 1.4 and 1.5 show the finite element grids which were used for the analy 
sis of the west half of the main roof. The grid in Figure 1.4 incorporates the 
same number of elements and columns as did the east side grid of Figure 1.1. 
The grid in Figure 1.5 was used to determine whether a chance in grid size 
would significantly influence the results obtained for column forces. Since the 
loading assumed for the west side was symmetrical, the finer grid of Figure 

1.5 (with appropriate symmetry boundary conditions) and the relatively coarse 
grid in Figure 1.4 represent an identical problem. The finer grid would give 


more accurate results. 


Several grid lines in Figure 1.4 are changed from their east side positions. In 
this case columns 5, 8, 10 (E9), 11 (F9), 15(E8), 16(F8), and 19 through 32 are 
correctly located, as are the mechanical room floor slab, wall beams, walls, 


and brackets. As with the east side grid, however, there are some minor. 


1-20 


| a 


discrepancies hetween the geometry of the grid and the actual 


slab. 


Under the west half of the roof there was a line of shoring between lines 7 and 8 
(see Part II, Section 7). These shores have been accounted for in the analysis 

by placing columns under joints 104, 106, 107, 108, 109, and 111 in the coarse 
grid and the equivalent joints in the fine grid. The modulus of elasticity of the 

4 inch x 4 inch wood shores is about 1500 ksi, or 75% of that assumed for the con- 
crete columns. In fact, however, the effective stiffness of the shores is in- 
fluenced by the flexibility of the 16th floor slab, which in turn was reshored 

to the 15th floor in this general area. Since the stiffnesses of the shores are 
mutually dependent on one another, a precise evaluation of each effective stiff- 


ness would be very difficult. 


On the basis of a simplified calculation the effective modulus was estimated 

to be about 550 ksi, or 28% of that assigned to the concrete columns. To assess 
the sensitivity of the results to differing effective stiffnesses, analyses were made 
incorporating effective moduli of 370 ksi and 740 ksi. Both the coarse and fine 
grids were analyzed using 370 ksi. These are identified as Runs 6 and 6A, res- 
pectively. Only the coarse grid was analyzed using 740 ksi and it is identified 


as Run 7. 


In the analyses it was assumed that the mechanical room slab, walis, wall beams, 
and brackets had been poured up to the east wall of the elevator core. The two 
boilers were not included in. + loading as their presence would have only a tiny 
influence on the forces around coiumuns 1... -s 29, Although it is known that a 

few kips of miscellaneous construction materials were lying on the south side 


of the roof between line 7 and 11, they were not included in the analyses. 
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Results Run 6 
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Results Run 6A 
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Coarse grid Figure 1.4 
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Results Run 7 Coarse grid Figure 1.4 


perceive ‘wood shores EAS 
At Top av M M 
a : Z 5 y 
of Column (kips) (kip ft.) . (kip ft.) 
10 (E9) 85.7 =28.2 | 17.4 
15 (E8) pm SS. 4. -18.4 ~49.6 
21 38.2 73.3 -46.5 
West Wall 
2S ba 9.5 -1.3 ~35.4 
Elevator 
Sees 1.3 -35.4 
Core 
24 38.2 -73.3 -46.5 
35 . 12.6 0 0 
36] Shores : IT. 7 0 1) 


37 o- 10-9 0 0 


All Results Symmetrical 


Several observations regarding the results deserve comment. First, the discrepan- 
cies between the coarse and fine grid analyses are greater for the west side analy= 
ses than was the case for the east side analyses. The shifting of grid lines for 

the west side coarse grid resulted in an additional loss of "squareness" in the 
elements. Accordingly, the accuracy of the coarse grid west side runs is not 


nearly as good as that of the fine. grid west side analysis. 
Independent of the above consideration, the analyses show that forces induced in 
the slab and columns are not drastically influenced by a wide difference in the 


effective stiffness of the wood shores. 


As a consequence of these shores, the oe slab bending moments adjacent to the 


west wall of the elevator core are only about one-half of the magnitude of the 
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slab moments adjacent to the cast wall determined in the cast side analyses. Even 
though rotational yielding in the slab would not be expected (inspection verified that 
it did not occur), the slab conditions around columns E8, F8, E9, and F9 are 

still severe. 

Columns E8, F8, E9 and F9 


pect erst EES Bivens 


RITICAL 
ERIPHERY 


eUeGd 


if 


Sua THICKNESS = 75" 
Jd =o" 


re 
A = 5761N? 
4 
Jy = 76080 In 
Jz = 35040 in* 
TYPICAL 
YéZ COORDINATE AXES ARE CONSISTENT WITH 
us OUTPUT OF COMPUTER RESULTS FOR WEST SiDE ANALYSES 
At E8 and F8 Run 6A 


2 92.2 , 0,4(22.9%129) | 0.4 (20.3 «12)(15)_ 
fa ite 5 1G 35640 76680 


0.100 + 0.028 + 0.019 
=0O.207 xs! 
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5 
9 At E9 and F9 Run GA 


83.0 _ 0.4(32.1*12)(9 : 0.4.(29.3«12)(:5) 


Mmokmmenc 7G 35040 Me7GGEO 
= O.!145 + 0.039. + 0.027 
= © Zils 


‘These stresses are slightly higher than those calculated for a section around 
column E5 on the east side. Figure 1.6 shows photographs of the load induced 
cracks on the top surface of the roof slab above columns E8 and FS. Hairline 
crack patterns appear over columns E9 and F9 but they do not appear to be 


serious. 
De COMMENTS REGARDING COM PUTER PROGRAM 


oD A finite element solution of a continuous equilibrium problem consists of the 


following basic steps: 


is Derivation for each element of the stiffness matrix relating nodal 
forces and nodal displacements (similar to the stiffness matrix of a 


linear member). 


ae Derivation for each element of equivalent nodal forces corresponding 
to distributed loads over the element (or part of it). This is equivalent 
to the determination of fixed end forces at the ends_of a beam witha 


distributed load. 
3. Assembly of the total stiffness matrix for the selected mesh of finite 


elements, equivalent to the assembly of the matrices of individual beam 


and columns to obtain the total stiffaess matrix of a frame. 
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Assembly of the total vector of nodal forces including concentrated 
loads directly applied at the nodes and the equivalent nodal forces 
resulting from distributed loads over the elements. 

Modification of the total stiffness matrix and the load vector to account 
for support conditions (displacements prevented at some of the nodes in 


specified directions). 


Solution of a system of linear equations where the matrix of coefficients 
is represented by the modified total stiffness matrix. The right hand 
side of the equations is the modified vector of nodal forces, and the un- 
knowns are the nodal displacements. In general this is a very large sys- 
tem if equations requiring the use of a digital computer for its solution. 
(In Run 1, for example, we had 210 nodes with 6 unknown displacements 


per node ora system of 1260 equations with 1260 unknowns.) 


Once the nodal displacements are known each element is again considered 
separately and from the assumed displacement expansion through its do- 
main, internal forces can be evaluated at any point. It is important to 
notice that, when displacements are the primary variables, moments and 
shears are obtained by computing derivatives of the displacement functions 
and their accuracy is smaller. While internal forces can be obtained at 
any point of the element, if they are determined at the nodes the values 
resulting from different elements will not be the same. It is possible to 
average these different values, but in general it is preferred to determine 
the internal forces at the centroid of each element. This was the approach 


followed in the present case. 


The formulation of a plate problem, according to the Theory of Elasticity, in- 


cludes two phases, which, for small deflections, can be considered uncoupled: 
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Determination of the in plane displacements and forces (Ny Nig N. =N 


at the middle surface of the plate. Mathematically this ante is i ae 
stress problem and is normally referred to as the plate stretching prob- 
lem. The solution can be obtained by using plane stress rectangular ele- 
ments. The simplest one of these elements uses a quadratic expansion 
for the displacements (u in the x direction, v in the y direction) and has 


two degrees of freedom, u and v, at each node. The PSR element of the 


STRUDL program, for example, is such an element. 


When the plate is connected to linear members (beams or columns) it 

is preferable to have a cubic expansion and a third degree of freedom at 
each node representing the rotation around an axis perpendicular to the 
plane of the plate (9). A finite element with these characteristics was 
developed at M.I.T. and implemented in the reinforced concrete phase of 
STRUDL (it is not, however, available in the finite element capabilities 
of STRUDL). This type of finite element was used in the present analyses 


for the in-plane displacements. 


Determination of the transverse displacements w (perpendicular to the 
plane of the slab) and the moments M,, My: and My This is normally 
referred to as the plate bending problem. A variety of rectangular ele- 
ments have been developed for the solution of this problem. The simplest 
one (first order rectangle) assumes a cubic expansion for the transverse 
displacement w and has three degrees of freedom per node (the displace - 
ment w and the rotations around the x and y axis, b. and $)- It satisfies 
inter-element compatibility with respect to displacements but not with 
respect to the normal slope. It has been shown, however, to converge to 
the exact solution and to behave satisfactorily for prictical purposes. 


Another element, which is fully compatible with respect to both displace- 


ments and rotations, has been suggested, but it does not include the constant 
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twist terms and does not converge to the exact solution. For the purposes 
of these analyses the first element was selected. It is the same element 


implemented in the STRUDL program (BPR element). 


By combining the plane stress and plate bending elements an element is obtained 
with 6 degrees of freedom per node, three displacements (u, v, w) and three 
rotations (Bs be 6). The displacement expansions in the three displacements 
u, V, W are cubic (same as for linear members) and the element is therefore 


appropriate for the study of combinations of plates with beams and columns. 


The computer program used for the analyses can consider any combination of the a- 


bove mentioned elements and linear members in space. Input to the program are: 
The number of nodes and number of elements. 


A set of vaiyves for element thickness, modulus of elasticity, and 


Poisson's ratio which may apply to the majority of the elements. 


The coordinates of the nodes in a global system of coordinate axes 


and for each support a code indicating prevented displacements. 

The connectivity of each element (numbers of its nodes) and its thick- 
ness, modulus of elasticity and Poisson's ratio if different from the 
general oncs specified at the beginning. If any of these values is 
specified as zero the general values are attributed to the element. 


The number of linear members and number of additional joints if any. 


The coordinates of the additional joints and a support code if appropriate. 
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A set of general values for modulus of elasticity and shear modulus of 


the linear members if common to several of them. 


For each linear member its connectivity (numbers of the joints at start 
and end of member), its cross sectional area and moments of inertia, 
and the modulus of elasticity and shear modulus if different from the 


general values. 
The number of concentrated leads applied at the nodes or joints. 


For each concentrated load the number of the joint where it is applied 


and its components (FX, FY, MZ, FZ, MX, MY). ° 


The number of distributed element loads and for each one of them the 


element over which it extends and its intensity. 


_ The computer outputs contained in Appendix II.3 include the program input fol- 
lowed by some information on the way it is internally stored (for each element 
the connectivity, thickness, modulus of elasticity, Poisson's ratio, the values 
assigned internally to these variables, and the computed dimensions of the 
element are printed). This data is then followed by some additional information 
on the internal storage of the stiffness matrices and the use of disk for the bene- 
fit of the programmer. Finally, the results are printed consisting of joint dis- 
placements, stress resultants (NX, NY, NXY, MX, MY, MXY) at the centroid 
of each element, and forces at the ends of each linear member. Moments in the 
elements are positive when creating tensile stresses in the top face of the slab. 
The forces in the members are: FX axial force, FY, FZ shears, MX torsional 
moment, MY, MZ bending moments. They refer to local member axes: the 
local X axis being the longitudinal axis of the member, the local Y axis for the 
columns being arriiien to the global Y axis, and the local Z axis being parallel 
to the global X axis. 
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2. 
GENERAL INVESTIGATION OF CONCRETE 


The purpose of the investigation of concrete in the structure at 2000 Common- 
wealth Avenue was to determine the strength of the concrete, particularly at 
critical locations,. at the time of collapse. To accomplish this purpose the in- 


vestigation proceeded through several phases. 


A. REVIEW OF RECORDS AVAILABLE FROM CONSTRUCTION > 


Design Documents and Boston Building Code 


The concrete compressive strength for each portion of the structure is specified 
by the Structural Engineer on structural plans S1 and S6, which are included in. | 
Appendix II.4. The specified strengths, 3000, 4000, and 5000 psi, are noted to 
be the ultimate compressive strength at 28 days. 


On the structural plans and in the specifications (Section Shc ineluded in Appendix 
11.4) the Engineer also ppeaitied several additional characteristics which the | 
structural concrete was to possess. These characteristics included the amount 
of entrained air, limits on the slump at placement, required admixtures, and 3 


prohibited admixtures. 


Although suggested mix designs or guideline eriteria for mix designs were not 
included in the specifications, the Engineer did require that the proposed mix 
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designs be certified by an approved inspection company to insure that they 


‘would be capable of providing for all specified characteristics. Section 3A of 


the specifications also contain many provisions regarding inspection, testing, 


placement, and curing of concrete. 


In addition to the requirements imposed by the design documents, several 
sections of the Boston Building Code were applicable to concrete installed in 

the subject structure. The pertinent sections as extracted from the 1964 edition 
of the Code are included in Table 2.1. All of these sections contain minimum 
requirements and pertain to concrete strength, testing, inspection, and general 


construction procedures. 


Mix Designs and Delivery Records 


As stated in Part I, Section 3, no specific trial mixes were made for this project. 
Mixes were proposed by J. H. McNamara, Inc., the ready-mix Concrete Sup— 
plier, ina November 7, 1969, letter to Toulon Construction Company. J. H. 
McNamara furnished a copy of this letter to the Commission and it is reproduced 
in Table 2.2. The submitting of this letter is all that was done relative to the : 
requirements regarding mix designs in the Boston Building Code and the de- 
signers' specifications. The irregularities and deficiencies pertaining to this 


matter are noted in Part I, Section 4C. 


Although the mix designs proposed in the November 7, 1969, letter make no 
reference to the specific cement or aggregate to be incorporated in the concrete, 
testimony indicated that Atlas or Atlantic Type II cement and Plainville (Mass-— 


achusetts) sand and gravel were used. 


J. H. McNamara, Inc. also furnished the Commission copies of delivery slips 


and invoices for all concrete delivered to the construction site. In every case 


the information contained on the invoices checked with that shown on the delivery 
Slips. These data indicate that 2500, 3000, 4000, and 5000 psi concrete was de- 
livered to the site. The volumes of these classes of concrete were 105.5, 4780.5, 
3495.5, and 517 .5 cubic yards, respectively, for’a total delivered volume of 


8899 cubic yards, 
The delivery slips and invoices do not show a cement content for any of the 2500 
psi concrete. The pasis for the delivered 2500 psi concrete is not known; for the 


lowest strength called for on the structural plans is 3000 psi. 


The records indicate a variety of cement contents for the 3000 psi concrete and 


one delivery record shows the incorporation of Type Il cemént. The cement con- — 


tent records are summarized below: 


- 


3000 psi Concrete 


Cement Content Volume 
(Ibs. /cu. yd.) : cu. yd. 
Not indicated 1071.5 (including 3.0 with 
Type III cement) 
testa 540.E eon 3475.0" 

580 185.0 

Glia: eet) 10.030 
: _ 640 7 39.0 
4780.5 


The delivery slips for the 218 cubic yards of 3000 psi concrete placed in the roof 
slab on December 3, 1970, do not indicate cement content. The slips for 85 of 
the 95 cubic yards placed in the roof slab on December 9, 1970, indicate 540 
pounds of cement per cubic yard and for the other 10 cubic yards the cement 
content is not indicated. 


Of the 3495.5 cubic yards of 4000 psi conercte, the data show 2993.5 cubic yards 
with a cement content of 580 pounds per cubic yard (as proposed for 4000 psi (B) 
concrete in the letter of Table 2.2), 125.0 cubic yards with a cement content of 
640 pounds per cubic yard (as proposed for 4000 psi (D) concrete), and 377.0 


cubie yards with cement content not stated. 


Of the'517.5 cubic yards of 5000 psi concrete, the data show 489.5 cubic yards 
with a cement content of 705 pounds per cubic yard and 28.0 cubic yards with ~ 


cement content not stated. 


The 8899 cubic yards of ‘concrete were delivered on 132 different days between 
December 5, 1969, and January 25, 1971. In Tables If.2.la and II.2.1b of 
Appendix II. 2 each individual delivery record is tabulated. 


While the records of concrete delivered are consistent with the proposed mix 
designs in a general sense, there are numerous discrepancies. These dis- 


crepancies are summarized in Part I, Section 4C. 


Testing Laboratory Records of Inspection 


All of the reports of the Hub Testing Laboratory were examined. These includ- 
ed those that were filed with the Boston Building Department and additional ones 


provided by Hub to the Commission as representing their complete file. 


Laboratory reports include 63 plant inspection reports covering inspection of 
batching on 44 different days between January 27, 1970, and December 3, 1970; 
54 concrete placement reports covering site inspection on 49 different days 
between January 27, 1970, and December 7, 1970; 125 reports covering test 
results of cylinders fabricated on 46 different days between J anuary 6, 1970, 
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and December 3, 1970; and 26 reports noting that fabricated cylinders were 
‘icked up at the Site and delivered to the laboratory on 24 different days between 
January 28, 1970, and November 25, 1970. 


Table II.2.1a in Appendix II.2 indicates the correlation between the inspection 
and cylinder testing performed and the concrete delivery records. As extracted 


from the 54 concrete placement inspection reports, comments relating to the lo- 


— cation of concrete placements in the structure and relating to other specific 


points are also tabulated in Table I.2.1a. 


The Laboratory reports do not cover plant inspection on days when a total of 3043 
cubic yards of concrete was delivered to the project. They do not cover inspection 
of concrete placement on days when a total of 2735 cubic yards of concrete was 
delivered and there are no cylinder test results for days when a total of 2467 cubic 


yards of concrete was delivered. 


Table II. 2.2 tabulates all results shown on the Testing Laboratory's cylinder 


test reports. These reported results are summarized:‘in Part I, Section 4C | 


where it is noted that the scatter in the results is surprisingly low. »- 
B. INVESTIGATION OF CURING CONDITIONS 


The 16th floor and main roof slabs each were cast on two different days, the 
16th floor slab on November 18 and 20, 1970, and the main roof slab on Decem- 
ber 3 and 9, 1970. Because the temperatures in Boston between those dates 

and the day of the collapse were below a range at which freshly deposited con- 
crete most effectively gains its potential strength, it was necessary to investi- . 


gate several factors relating to concrete curing conditions. 


Requirements of Design Documents © 


The designers’ specifications contain four pages (Division 3, Section 3A, pages 
3A-6 through 3A-9) of provisions regarding protection measures to be taken for 
the warm moist curing of concrete placed in cold weather. These pages are 


included in Appendix IT. 4. 


Testimony of Protection Provided 


Testimony, of witnesses before the Commission indicated that the only purposeful 
cold weather protection provided for the curing of concrete in the structure at 
2000 Commonwealth Avenue occurred on one or two occasions in the winter of 
1969-70. During November and December 1970 and January 197 rf the only 

cold weather protection provided was such as-may incidentally have occurred as 
a consequence of day time heat provided for the mortar of the bricklayers who — 
may have been working in adjacent spaces. The 16th floor and main roof slabs 


were not covered or enclosed in any way after casting of the concrete. 


Analysis of U. S. Weather Bureau Records 


Official U. S. Weather Bureau records from December 1, 1969, to March 31, 
1971, for Logan Airport, Boston, Massachusetts, are included in Appendix II. 2, 
Table II.2.10. Inasmuch as wintertime inland temperatures in this region | 
normally are Jewer than those existing at Logan Airport, the temperatures at 
2000 Commonwealth Avenue in November and December 1970 and January 1971 


likely were lower than those listed in the Logan Airport records. 


Because the initial structural failure occurred in the roof slab, the available 


temperature records were carefully analyzed for the periods during which the 
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roof slab concrete would have gained the strength it had at the time of collapse. 
These periods ranged from December 3, 1970, to January 25, 1971, and from — 
Becember 9, 1970, to January 25, 1971. These records show the following: 


Min. Temp. Max. Temp. Ave. Temp. 
fC) ) ) 


pee) eee OS) eee ee 


December 3, 1970 — 42 7 cates 50 
Period December 3, _ 2 sete aGY gery 26 
1970, to January = 

25, 1971 

December 9, 1970  2i 36 * 29 
Period December 9, ¥ 2 sy: 46 | 25 
1970, to January 

25s Lod sk: 


A daily log of minimum, maximum, and average temperature is shown in 
22 
Figure 2.1. This log extends to March 28, 1971, the last day on which concrete 


samples were taken at the construction site. 


Laboratory and field tests of both roof slab concrete placements have not indi- 
cated that freezing of the concrete occurred before its initial set; however, con- 
crete cured under these temperature conditions gains its strength at a much 
lower rate than under the normal or specified minimum curing temperature. Con- 
siderable test data have shown that, with a Type II cement, the 28-day strength 

of concrete cured at 25°F is approximately 50 percent of the 28-day strength of 


rs) 
the same concrete cured at 70 F. 


C. SAMPLING AND TESTING OF CONCRETE AFTER THE COLLAPSE 


Core Tests From Pieces of Collapsed Structure 


During the period January 26 to February 15, 1971, the John J. Duane Company 
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roof slab concrete would have gained the strength it had at the time of collapse. 


These periods ranged from December 3, 1970, to January 25, 1971, and from 
December 9, 1970, to January 25, 1971. These records show the following: 


Min. Temp. Max. Temp. Ave. Temp. 
Cals) ( F) oy) 


December 3, 1970: . 42 ay 50 
Period December 3, — 2 : 57 26 
1970, to January | 

25, 1971 

December 9, 1970 21 36 ; 29 
Period December 9; 2 46 : 25 
1970, to January 


25, 1971 


A daily log of minimum, maximum, and average temperature is shown in 
Figure 2.1. This log extends to March 23, 1971, the last day on which concrete 


samples were taken at the construction site. 


Laboratory and field tests of both roof slab concrete placements have not indi- 
cated that freezing of the concrete occurred before its initial set; however, con- 
crete cured under these temperature conditions gains its strength at a much 
lower rate than under the normal or specified minimum curing temperature. Con- 
siderable test data have shown that, with a Type II cement, the 28-day strength 

of concrete cured at 25°F is approximately 50 percent of the 28-day strength of 


the same concrete cured at 7 OF. 


Cc. SAMPLING AND TESTING OF CONCRETE AFTER THE COLLAPSE 


2 _ Core Tests From Pieces of Collapsed Structure 


During the period January 26 to February 15, 1971, the John J. Duane Company - 
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* removed most of the collapsed portion of the structure from the basement area. 
As was convenient, certain intact slab and column pieces were set aside for 
examination and testing. From several of these saved pieces a series of concrete 
cores was taken during the period February 6 to 12, 1971. The compressive 


strength test results from these cores are tabulated in Appendix I.2, Table II.2.5. 


On March 23, 1971, a second series of cores was taken from pieces which had 
positively been identified as coming from the roof slab. The test results for 
this set of cores are included in Table II.2.5. The laboratory A for bothe 


series of core tests follow Table II.2.5 in the Appendix. 


Core Tests From Uncollapsed Structure 


Twenty-four concrete cores were taken from various places in the uncollapsed ° 
portion of the structure. These cores were obtained by Superior Drilling Company 
for Weidemann, Brown, Inec., consultants for the owners of the property, and 
were delivered to the Thompson and Lichtner Company, Inc. laboratory for - 
testing. The cores were taken on March 13, 15, and 18, 1971, immediately 


after the structure had been shored and it was deemed safe to proceed. 


The compressive strength results from these 24 cores have been made available 
to the Commission and are tabulated in Appendix II.2, Table II.2.3. The ac- 
companying laboratory reports follow Table II.2.3. The results are also shown 
with the core locations in Appendix II. 2, Figures II.2.1la through II. 2.18. 


Swiss Hammer Tests 


Non-destructive Swiss hammer tests were made at various places in the un- 


collapsed structure and on various collapsed pieces in order to give indication 
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of concrete strengths. Tests were made on several days beginning February 9, 
1971, but were not carried on continuously because of below freezing tempera- 
tures. The results are tabulated in Appendix II.2, Table II.2.4 and are shown in 


the appropriate plan location in Figures II, 2.1a through II.2.1s. 


Tests of Cylinders Found at the Site 


Five 6 x 12 inch concrete cylinders were found on the ground at the site. Three 
of these were marked 11/24/70 (an inspection report indicates that 3000 psi con- 
crete was placed in the lower basement on this day) and two were marked 


12/3/70. 


The cylinders were taken to the laboratory on J anuary 26 and 27, 1971, were © 
cured in the laboratory damp room for two weeks, and were tested on aadaere 
10, 1971. - The test results, which are contained in Appendix II.2, Table II.2.8, 
indicate high, average, AM low compressive strength values of 3700, 3110, and 
2630 psi, respectively. These results generally indicate that the concrete repre- 
sented by these cylinders was from a 3000 psi mix and the data have no oth-::-r 


significance. 
Cement Content Tests 


Chemical analyses for mix constitution of concrete in certain parts of the un- 
collapsed structure and in certain collapsed pieces were made on the concrete 
in fifteen cores. The results of these analyses are contained in Appendix II.2, 


Table II.2.7, to which the laboratory reports are appended. 
Eleven of the fifteen specimens were from roof slab concrete, six being from 
the December 3, 1970, placement and five being from the December 9, 1970,- 


placement. The cement content determinations are summarized below. 
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Cement. Content er Cement Content 


Indicated on Delivery from Chemical Analysis 
Slips and Invoices (Ib. /cu. yd.) 
(lbs. /cu. yd.) High Average Low 
December 3, 1970 . . 
Roof Slab Concrete Not Indicated — 596 535 493 
December 3, 1970 


Roof Slab Concrete 540 530 501 -488 


The average cement content result is close to the value indicated in the proposed 


_. mix for the December 3 placement and is about 8 percent below that shown on 


the delivery slips for the December $3 placement. 


In a given specimen of concrete a low value of cement content could be due to 
improper batching, segregation during placement, or both. Inasmuch as several 
different specimens were analyzed for each roof slab placement it is believed 

that the potential influence of segregation would be eliminated on the average. For 
the 3000 psi mix, a cement content of 501 pounds per cubic yard would adversely 


affect the strength gained at any given time by the concrete. 

Cement contents found in single cores from the 16th, 14th, and 10th floor slabs 
were 573, 565, and 546 pounds per cubic yard, respectively. Each of these 

slabs was specified to be 3000 psi concrete and the cement content proposed in 
the mix design and shown on the delivery slip was 540 pounds per cubic yard. 

One core from the 3rd floor AER was found to have a cement content of 547 pounds 
per cubic yard. In this case the delivery slip showed 580 pounds of cement per 
cubic yard for the 4000 psi concrete specified for the 3rd floor. 
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D. STRENGTH EVALUATION: 
Roof Slab 


The compressive strength results obtained from the December 3 and 9, 1970, 
placements are presented in Tables 2.3 and 2.4, respectively. Results obtained 
from cores which were cracked prior to test are not used in any strength evalua- 
tion. One core from 19 was steam cured prior to testing. This test was con- 
ducted to give a measure of the potential strength of the core and its result also 


has been excluded from evaluation of strength at the time of collapse. 


Sound Core Test Results For 
December 3, 1970, Placement 


Age at Collapse 53 Days- 


paver: Age ; - Actual 
Core. at Test fa 
Location (days) (psi) 
T15 . 67 2390 
715 ' 67 _ 2840 
T15 67 2390 — : 
: 2540 ave. 
Uncollapsed 102 “1710 
2S 107 2580 
107 2050 
102 2240 
102 2800 
102 3010 
2565 ave. 
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Cement Content Cement Content 


Indicated on Delivery from Chemical Analysis © 
Slips and Invoices (Ibs/cu. yd.) 
(Ibs. /cu. yd.) High Average Low 
December 3, 1970 ee 
Roof Slab Concrete Not Indicated 7 596 035, 493 
December 9, 1970 _ 
Roof Slab Concrete 540 . 530 ‘501 488 


The average cement content result is close to the value indicated in the proposed 
mix for the December 3 placement and is about 8 percent below that shown on 


the delivery slips for the December 9 placement. 


In a given specimen of concrete a low value of cement content could be due to 
improper batching, segregation during placement, or both. Inasmuch as several 
different specimens were analyzed for each roof slab placement it is believed 

that the potential influence of segregation would be eliminated on the average. For 
the 3000 psi mix, a cement content of 501 pounds per cubic yard would adversely 


affect the strength gained at any given time by the concrete. 


Cement contents found in single cores from the 16th, 14th, and 10th floor slabs 
were 573, 565, and 546 pounds per cubic yard, respectively. Each of these 

slabs was specified to be 3000 psi concrete and the cement content proposed in 
the mix design and shown on ‘‘1e delivery slip was 540 pounds per cubic yard. 

One core from the 3rd floor slab was found to have a cement content of 547 pounds 
per cubic yard. In this case the delivery Slip showed 580 pounds of cement per 
cubic yard for the 4000 psi concrete specified for the 3rd floor. 
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De STRENGTH EVALUATION 
Roof Slab 


The compressive strength results obtained from the December 3 and 9, 1970, 
placements are presented in Tables 2.3 and 2.4, respectively. Results obtained 
from cores which were cracked prior to test are not used in any strength evalua- 
tion. One core from 119 was steam cured prior to testing. This test was con- 
ducted to give a measure of the potential strength of the core and its result also 


bas been excluded from evaluation of strength at the time of collapse. 


Sound Core Test Results For 
December 3, 1970, Placement 


Age at Collapse 53 Days 


Age Actual 
Core at Test af = 
Location ; (days) (psi) 
T15 . 67 2390 
115 . 67 2840 
T15 oe 67 2390 
2540 ave. 
Uncollapsed 102 : 2710 | 
Roof Slab 107 2580 
107 2050 
102 He 2240 
102 ; 2800 
10225 3010 ‘ 
2565 ave. 
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The test results of cores taken from collapsed piece 1115 had about the same 
strength as that of the cores taken at a later time from the uncollapsed structure. 
This fact (correborated by similar comparisons for other portions of the structure) 


indicated that sound cores taken from collapsed pieces could properly be used in 


evaluation of compressive strength at the time of collapse. 


Figure 2.2 shows a typical relation between strength gain and age for a given 
Type Il cement concrete curing under normal laboratory conditions at 10 F. 
Shown in the same figure are relations between strength gain and age for curing 
temperatures of 20, 30, 40, and 50 F. For any single mix design and certain 
specific moisture conditions curves somewhat different from those shown in 


Figure 2.2 may be obtained; however, most of tis) published data indicate that 


- concrete cured at 25°F will attain only about 50% of its normal 23-day potential. 


In every case an actual core test result gives indication of a higher compressive 


strength than would have existed for that concrete at the time of collapse. The 
reason for this is that, between the time of collapse and the time of tests the 
concrete in each core received additional curing. . This additional curing in- 
cluded a certain number of days at the site plus two days of warm moist curing 


in the laboratory. 


The interpretation of the core test results, in regard to evaluation of strength 

at the time of collapse, requires one to account for the rate of gain in the . 
strength of the concrete achieved between collapse and test. This strength gain 
is a function principally of oe parameters, age and temperature; however, 

the function also is influenced by factors such as the constitution of the concrete,” 


the type of cement, and the moisture conditions during curing. 


Several research programs have been conducted which focus on this issue. The 
results of these studies show very clearly that concrete which is air cured for 


28 days at low temperatures will experience a rapid gain in strength if it is-sud- 


0 
_denly exposed to normal 70 F curing conditions; however, the results are all 


obtained with specific concrete mixtures and specific control of curing conditions. 
None of these reported results are directly applicable to the conditions at 2000 


Commonwealth Avenue. 


As may be seen in Figure 2.1, the temperatures at the site did increase, erratical- 


ly, after the collapse. Whereas the average curi:.g temperature of the roof slab 


concrete prior to collapse was about 25°F, the average temperature from the 


day of the collapse to the last day on which cores were taken was about 33°F. The 
evaluation of the reduction factor to be applied to actual core test results requires 
consideration of these erratically increasing site termperatures and the sudden 
change of the cores being taken to the laboratory for two days of warm moist 

curing at about 73 °F. | 


Relating the results of published research and the experience of the Commission and 


its consultants to this particular problem, it is the Commission's opinion that the 


average compressive strength of concrete placed on December 3, 1970, was ap- 


proximately 1900 psi at the time of collapse. 
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Sound Core Test Results For 


December 9, 1970, Placement 


Age at Collapse 47 days 


Age — ~ Actual 
Core at Test f is 

Location (days) (psi) 

Tg : 61 2100 

19 61 ae - 1920 

119 61) = 2090 

120 | 62 ae 13705 

21120 5 NR Bees 1570 
1810 ave. 

19 106 2760 | 

111 106 2970 

, 120 106 2360 
er 2695 ave. 


On the same basis as described previously, it is the Commission's opinion that 
the average compressive strength of concrete placed on December 9, 1970, was 


approximately 1600 psi at the time of collapse. 


Sixteenth Floor Slab 
The compressive strengt. results obtained from the November 18 and 20, 1970, 


placements are presented in Tables 2.5 and 2.6, respectively. Excluding cores 


which were cracked prior to testing these data are summarized below: 
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Sound Core Test Results For 
16th Floor Slab Concrete 


Age at Collapse 66 or 68 Days 


_, Age . Actual 
Core at Test f a 
Location (days) . (psi) 
(Nov. 18, 1970) : 
Uncollapsed 1175es 3710 
16th Floor Slab 117 #4 3350 
117 | 3440 
3500 ave. 
(Nov. 20, 1970) 
T71 84 . (3450 
171 84 - ~ 3400 
3420 ave.. 


Based upon an evaluation of these results, including consideration of the temp- 
erature records from the dates of placement to the date of collapse, it is the 
Commission's opinion that the average compressive strength of the concrete in 


the 16th floor slab was approximately 3100 psi at the time of the collapse. 
Other Portions of the Structure 


Concrete in the 16th story columns was specified to have a compressive strength » 
_ of 3000 psi at age 28 days. The columns probably were cast on December Il, 1970. 
One core taken from an uncollapsed 16th story column had a compressive strength 
. on March 20, 1971, of 2780 psi. Two sound cores taken from a collapsed 16th 
story column (marked 119), when tested on February 12, 1971, hac compressive 
‘strengths of 3110 and 2910 psi. An evaluation of these test results indicates that 
‘strength of 3090 psi had not been attained at age 28 days or at the time of the col- 
lapse. 
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The 15th floor slab was cast en-November 6 and 9, 1970. Two cores from the un=- 
anlenned portion of-this slab were tested, one on March 15 and the other on 
March 17, 1971. The actual compressive strengths were 3560 and 3360 psi on . 
those days. An evaluation of these results to account for the maturity at age 28 
days indicates that the specified strength probably was not attained. This con- 
clusion was reinforced by the esnites of Swiss hammer tests made at several 
locations on February 22, 1971. The average compressive strength indicated by 


the Swiss hammer tests at nine slab locations was 2540 psi. 


The data from tested cores and Swiss hammer tests for slabs of the un- 
collapsed structure below the 15th floor, with values adjusted to strength at 
age 28 days and to strength at the time of collapse, indicate that the compres— 
sive strength was generally below that specified at age 28 days but generally 
above the 28-day specified value at the time of collapse. 5 


Although not a factor in the collapse, subsequent core and Swiss hammer tests 
indicated that the concrete in the mechanical room (penthouse) floor slab did not 


1 


attain its specified 3000 psi strength at age 28 days. 


Broat 
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TABLE 2.1 


- 


EXTRACTED SECTIONS OF 1964 BOSTON BUILDING 
CODE WHICH PERTAIN TO CONTROLLED CONCRETE 


Sect. 2603. Inspection of Concrete.— The commissioner shall require 
an applicant for a permit involving tho structural use of concrete to have a 
competent inspector at all times on the work while such concrete is being 
proportioned, mixed and deposited. : 


Sect. 2604. Tests of Materials of Reinforced Concrete.— ‘Tho 
commissioner shall have the right to require reasonable tests from timo to 
time to determine whether the materials and methods in uso aro auch as to 
produce reinforced conerete of the necessary, quality. Copics of tho reports 
of such tests shall bo Rept readily available by the commissioner for a ccd 
of t two years after the camplction. of oe structure. 


Sect. 2612. Controlled Concrete.—(a) When the proportions are to 
be established by tests, the tests shall be made in advance of the beginning 
of construction using the materials proposed and consistencies suitable for 
the work and in accordance with the provisions of section twenty-six hundred 
and thirteen. The relation between the average twenty-eight-day strength 
of the concrete and the water-cement ratio shall be determined by such 
tests for a range of values including all of the strengths calied for on the : 
plaas. The water-cement ratio determined for each quality of concrete to 
be used shall allow sufficient. margin of strength to provide for the exigencies 
of field operations. In no case, however, shall concrete exposed to the 
weather contain less than five bags of cement per cubic yard of concrete or 
have a water-cement ratio in excess of six gallons per bag. No change or 
substitution shall be made in the materials being used on the work without 


" additional testa to determine the new water-cement ratios to bo used. 


(b) During the progress of the work, a reasonable number of compression 
tests may be required by the commissioner, but at least one set of specimens 
shall be tested for each one hundred and fifty cubic yards of concrete of a 
given strength, and not less than one set of specimens of each strength of | 
concrete for each day’s operation, Such testa shall be made in accordance 
with the provisions of section twenty-six hundred and thirteen. If the 
average twenty-cight-lay strength of the tested specimens for any portion 
of the structure falls below the strength called for on the plans, the come 
missioner shall have the right to require load tests as specified in Part 23 on 
the portions of the building affected, and to order a spans in the mixture 
for the remaining portion of the structure. 

(c) Controlled conerete shall be proportioned, mixed and placed under 


the supervision of an approved concrete control engincer. ; S 


— -- ~- — 


- - . *s - 
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_ Continued 


Sect. 2613. Ficld Fests of Conerete.— (a) Specimens for compres- 
sion tests of conerete, when required, shall be made and stored in accordance 
with the Standard Method of Making and Storing Compression Test Speci- 
mens of Conerete in the Field, and tested in accordance with the Standard 
Method of Making Compression Tests of Concrete, of the American Society 
for Testing Materials; provided, that each set shall consist of at Jeast three 
apecimens whieh shall be stored under moist curing «onditions at seventy 
degrees Fahrenheit, and no specimeis need be stored on the structure. 

(b) If tests disclose a consistent relation between the seven-day and the 
twenty-eight-day strength of the conerete, the testa required during the 
progress of concrete work may be made at seven days and the strength at 
twenty-eight days determined therefrom. 


. r - - - ae - - -- - 


Sect. 2616. Conerete Forms and Equipment.— (a) Forms shall be. 
substantial and sufliciently tight to prevent loss of mortar from the conercte. 


(b) Before conerete is placed equipment for mixing and transporting the 
‘concrete and forms shall be clean; the spaces to be occupied by tho concrete 
shall be free of snow, ice and debris. 


Sect. 2618. Transporting Conerete.— (a) Conerete shall be handled 
from the mixer to the place of final deposit by methods which will prevent the 4 
separation or loss of the ingredients. Under no eircumstances shall concrete 
that is partially hardened be deposited in the work. 


(b) Conerete otherwiso meeting the requirements of this code but mixed - 
at a distance from the structure in which it is to be deposited may be used pro- - 
vided the time elapsed between addition of the cement to the aggregate and its 
deposit in the forms does not exceed one hour. — 


Sect. 2619. Placing Conerete.— (a) Concrete shall not he placed until . 
the forms and reinforcement have been inspected and approved by the in- — 
spector required by section twenty-six hundred and three. 


(b) When concreting is once started, it shall be carried on as a continuous; 
operation until the placing of the section or panel is completed: The top 


_ surface shall be kept generally level and accumulations of water on the surface 


shall be promptly removed. Where construction joints are necessary, they 
shall be made in accordance with section twenty-six hundred and twenty-two. 


(c) Concrete shall be thoroughly compacted by puddling with suitable — 
tools during the operation of placing, and thoroughly worked around the - 
reinforcement. : 


Sect. 2628 Depositing Concrete in Cold Weather.—When deposit- 
ing concrete at freezing or near freezing temperature, the concrete shall be 
maintained at a temperature of not Jess than fifty degrees Fahrenhcit, and not 
more than one hundred and twenfy degrees. The temperature of the concrete 
shall be maintained at not less than fifty degrees for at least seventy-two hours 
ufter placing. When necessary, concrete materials shall be heated before 
mixing. Dependence shall not be placed on salt or other chemicals for the 
preventjon of freezing. : P 


Sect. 2625. Curing Conerete.—(a)- Mxposed surfaces of conereto shall 
be kept moist for a period of at least seven days after being deposited, 

(b) Forma shall be removed in such a manner and with such procautions 
as to insure complete safety of the structure. . 
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9 TABLE 2.2 _ -COPY OF A LETTER FROM J. H. McNAMARA, INC. 
| - TO TOULON CONSTRUCTION CO. CONTAINING © 
PROPOSED CONCRETE MIX DESIGNS 


Toulon Construction 
2000 Commonwealth AvGe 


Bocton, Mass. Boo enapese Now. 7, 1969 
Cloos A B ot : D 
3000 _ pei 1000 psi "  -§000 rsi L000 psi 
Cenont = lbs. ~ 510 580 70S | 640 | 
fond = Ibe. 1h10 - 130 1220 4330 
eo Gravel = lbs. - 180 1860 . 1860 1860 
Water © galse= 3.0 35.0 | ser 36.3 35.5. 
Je Fetio. = Se9200. Bel cs, hehe 5.26 
| Darex = 0256 = 1.0 1.0 2.0 a! 1.5 


Slump - Inches - 4.0 4.0 ),.0 | 1.0 


 Aoove woighta sre given in the "oven dry state", they will be adjusted 
at the time of batching for moisture, yield & workability. The Claes 
D, 1000 design mix is given-in order to echieve 2000 psi at 3 days. 


\ 


Sincerely yours, 
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mormNERAL INVESTIGATION OF: REINFORCING STEEL 
A. THE SPECIFIED STEEL 


The Structural Engineer proportioned reinforcement on the basis of the "ulti- 
‘mate strength" design method contained in the ACI 318-63 Code. This steel is 
identified on structural plans S1 to S9. Except for column ties, beam stirrups, 
and steel included in slabs on grade, which are specified to have a minimum 
yield stress of 40 ksi, all reinforcement is specified to have a minimum yield 
stress of 60 ksi and to meet the requirements of the ASTM A432 Specification 


for new billet steel. 


On the basis of structural plans S1 to S9 the Structural Engineer later prepared 
bar lists (more than 100 sheets) which detailed every reinforcing bar in the 
structure. These lists contained bar size, bar length, bending details if any, 
an identification mark (e.g., D602, T1, MT101, C10, etc.) and the number of 
bars for each identification mark. To correlate the identification marks with 
the structural plans he also prepared a series of bar placing drawings. Each 
reinforcing bar list also contains reference to the required steel yield stress 


and ASTM A432 Specification requirements. 


While it was not possible to make a detailed check of the specified reinforce- 
ment in the entire structure, a few inconsistencies were noted in the course of 


the investigation: 
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The cast-west bottom slab steel in Bay E5-E6-F6-F5 and in Bay ET-E8- 
FS-F7 was detailed incorrectly for the typical floors and for the roof. To 
satisfy the ACI Code these Bars should have extended at least 6 inches into 
the elevator core walls. No such detail was contained on the structural 
plans. Had the bars been 21 feet 7 inches long instead of the 17 feet 6 
inches specified, a detail drawing contained in the designers’ specification 


would have satisfied the provision of the Code. 


The ACI Code requires that at least 25 percent of the negative slab re- 
inforcement in each column strip pass over the column within a distance 
"d' on either side of the column face. At column E4, E5, ES, E9, F4, FS 
F8, and F9 A the roof slab, neither structural plan S-8 nor the bar 
placing drawings specifically provided for this requirement. A uniform 
distribution of the specified steel would nearly, but not quite, meet the 


requirement. 


Based in part on the finite element analyses described in Part II, Section 
1, it appears that the north-south top slab steel at the south face of the 
elevator core and the east-west top slab steel at the east and west faces 
of the elevator core is not sufficient to satisfy ACI Code requirements 
for the design conditions of the roof or typical floors. In the portions 

of the roof and typical floor slabs which are 73 inches thick on the east 


side, for example, 16 and 22 #4 bars, respectively are specified. This 


_ steel is not sufficient to resist design ultimate load bending moments 


resulting from finite element analyses. : 

It must be noted, however, that the ACI Code permits a variety of tech- 
niques for determining design moments. Since the Structural Engineer 
has refused to furnish his calculations, his bending moment calculations 


for these particular areas are not available. 
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The cast-west bottom slab steel in Bay F5-E6-F6-F5 and in Bay E7-E8- 
F8-IF7 was detailed incorrectly for the typical floors and for the roof. To 
satisfy the ACI Code these bars should have extended at least 6 inches into 
the elevator core walls. No such detail was contained on the structural 
plans. Had the bars been 21 feet 7 inches long instead of the 17 feet 6 
inches specified, a detail drawing contained in the designers' specification 


would have satisfied the provision of the Code. 


The ACI Gode requires that at least 25 percent of the negative slab re- 
inforcement in each column strip pass over the column within a distance 
"d" on either side of the column face. At column E4, E5, E8, E9, F4, FS 
F8, and F9 inthe roof slab, neither structural plan S-8 nor the bar 
placing drawings specifically provided for this requirement. A uniform 
distribution of the specified stee} would nearly, but not quite, meet the 


requirement. 


Based in part on the finite element analyses described in Part IL, Section 
1, it appears that the north-south top slab steel at the south face of the 
elevator core and the east-west top slab steel at the east and west faces 
of the elevator core is not sufficient to satisfy ACI Code requirements 
for the design conditions of the roof or typical floors. In the portions 

of the roof and typical floor slabs which are rE; inches thick on the east 
side, for example, 16 and 22 #4 bars, respectively are specified. This 
steel is not sufficient to resist design ultimate load bending moments 


resulting from finite element analyses. 


It must be noted, however, that the ACI Code permits a variety of tech- 
niques for determining design moments. Since the Structural Engineer 
has refused to furnish his calculations, his bending moment calculations 


for these particular areas are not available. 
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4. Although there is no mention of bent column dowels for the top of the top 
_ story columns on the structural plans, the structural engineer did 
include on the bar placing drawings a detail for them and the bar list 
(for the 9th and 16th story columns) includes some bent bars which may 
have been intended as bent column dowels. The bar list for the top 
story columns does not include enough bars for all top story columns 
and the bar placing drawings do not clarify exactly where the listed bars 


should be placed. 


If the inconsistencies noted above led to some confusion in the field, this 
confusion was amplified by the fact that the Steel Supplier did nct schedule 
or supply the bent "dowels" contained in the Engineer's bar lists. The 
available evidence indicates that no bent dowels were placed to tie the 


top story columns to the roof slab. 


5. For the detailed investigation of the roof slab collapse, a layout of the 
specified reinforcement for the south central portion of the roof was pre- 


pared. This layout is shown in Figure 3.1. 


In bay 6-7 two discrepancies between the Engineer's structural plans 
and his bar lists and bar placing drawings were noted. These are noted - 


by A and B on the Figure. 
B. THE SUPPLIED STEEL 
Although the structural plans, specifications, and reinforcing steel bar lists 
clearly stated that all reinforcing steel should be new billet steel, a substantial 


percentage of the straight bars supplied for both columns and slabs was rail 


steel. 
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The Supplier has testified that he had only an oral contract with the Structural 
Subcontractor (but with cash payment by the Owner) to supply high~strength 
steel with no mention of billet or rail steel and that he fad not seen the speci- 
fications or bid on the basis of meeting specification requirements. Neverthe- 
less, the bar lists from which the Supplier filled the orders clearly noted that 


all steel should be new billet steel. 


Ali rail steel found in the structure was manufactured by Northern Steel, the 
Steel Supplier. Sizes ranged from #4 up through #9. There is a preponderance 
of rail steel in the lower parts of the structure. Its use gradually diminished 
as the height of the structure increased and no rail steel was found in any piece 


identified as being from the 16th floor or main roof level. | 


In addition to the rail steel, billet steel manufactured in the United States (by 
Bethlehem Steel Corporation, Hawaiian Western Steel Limited, Milton Manu- 
facturing Company, and United States Steel Corporation) as well as in 
Argentina and Taiwan was found in the structure: Physical test results for 


these several steels are described in Section 3C, following. 


Although the supplied steel was not checked for every portion of the structure, 


the following irregularities or deficiencies were noted: 


i bs The designers' specifications require a series of tests for each 100 


tons of reinforcing steel. No such tests were conducted. 


2. As noted in Section 3 A.4 above, the Supplier did not schedule or de- 


liver bent column "dowels" for the top of the top story columns. 


3. As noted by C in Figure 3.1, the twelve #4 north-south top slab bars in 
bay 6-7 were not scheduled or supplied by the Supplier. ; 
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Reinforcement was supplied to the job in tagged bundles. Information on 
the tags included the number of pieces ef a particular bar size, the bar 
length (for straight bars only), and the Supplier's bending designation 
mark (for bent bars only). In most cases the Supplier used the same 
bending desipnation as shown by the Engincer on the bar placing drawings 
and bar lists, but occasionally the Supplier designated bent bars witha 
mark which was used for other straight bars on the bar placing drawings 
and bar lists. One example of this situation is noted on Figure 3.1 where 
ie Supplier gave bending marks for #4 bars at the south edge of the slab 
which were identical to marks given on the Engineer's placing drawings 


for top slab bars over column E5. 


The Commission has attempted, unsuceessfully, to determine the pro- 
cedures used by the Structural Subcontractor to select and place the re= 


inforcement. 


PHYSICAL TESTS 


Structural plan S-1, dated February 1969, specifies that all reinforcing steel, 


except stirrups and ties and that included in slabs on grade, shall meet the re- 


quirements of the ASTM A432 Specification. This Specification was discontinued 
in 1968 and replaced by the Grade 60 part of ASTM A615-68 "Deformed Billet 


Steel for Concrete Reinforcement." 


The ASTM AG15-68 Specification contains certain provisions regarding the 


spacing, height, and gap for the bar deformations and lists minimum values 


of yield stress, ultimate tensile strength, and elongation at rupture. The latter 


values are: 


») t = 60 ksi minimum 


fo = 90 ksi minimum 


Min, ult. elong. (8 gage) = 9% for #3, 4, 5, 6 bars 
= 8% for #7, 8 bars 
= 7% for #9, 10, 11, 14, 18 bars 


Nine specimens of rail steel and fifteen specimens of billet steel were tested 


for deformation geometry and mechanical properties. The following list shows 
a few typical bar identification marks used by the several manufacturers. 


Manufactured in United States 


Es Northern Steel - N-6-RAIL 
2 U.S. Steel Corp . ' G-3-N 
O-4-N-60 
Bethlehem Steel Corp B-4-N-60 
. B-6-N-60 
Milton Manufacturing Co. | M-8-N (Grade 60) 


M-11-N (Grade 60) 
Hawaiian Western Steel Ltd. H-6-N-60 


Manufactured in Argentina 


AC-4-N-60 


Manufactured in Taiwan 


Tech-6-N-60 


e 


Table 3.1 summarizes the results of the tension tests. The actual test reports 


are contained in Table JI .2.11 in Appendix II.2. 


All of the nine rail steel specimens had strengths exceeding the specified mini- 
mum requirements of ASTM AG15-68 Grade 60. For eight specimens ultimate 
elongation was obtained. While the ultimate elongations generally were signi- 
ficantly less than obtained from specimens of billet steel, only two specimens 
failed to meet the ASTM 615-68 Grade 60 minimum requirements for new billet 


steel. 


Of the fifteen billet steel specimens, one had a very low ultimate elongation 


and another just failed to meet the yield strength requirements. 
D. PLACEMENT OF STEEL 


Several errors in the placement of the supplied steel were uncovered during 
the course of the investigation. Those which were felt to be Significant are 


listed in Part I, Section 4D and they will not all be repeated here. 
Slab Reinforcement at the East Face of the Elevator Core 


The specified east-west top slab reinforcement for the roof slab at the elevator 
core is shown in Figure 3.1. Figure 3.2 shows the same reinforcement which 
was specified for the 3rd through 16th floor slabs. The Supplier's invoices indi- 


cate that these slab bars were shipped to the job site. 


The photographs in Figure 3.3 show the fracture surfaces at the east face of the 
elevator core. These photographs were taken on February 2, 1971, after the 


hanging pieces to the north of the elevator core (from the 5th floor to the roof) 


had been cut loose by the John J. Duane Wrecking Company. Photographs in 
Figure $8 of Part I and Figure A. 3 of Part II, taken on January 27, 1971, show 
the conditions as they cxisted after the collapse. The fractures at the roof 
slab, and at the 16th floor are shown in Figures 3.4 and 3.5, respectively. 
Although it would have been helpful to have made a closeup check of the fracture 


surfaces shows in Figures 3.4 and 3.5, it was not convenient to do so. 


On March 16, 1971, a closeup investigation was made of fracture surfaces from 
the sth to the 12th floors (this is as high as the available crane would permit). 
Figures 3.6 through 3.10 show sketches and photographs taken during this in- 
vestigation. This investigation revealed numerous deviations in the number, 


size, and position of the top slab bars which were actually placed. 


Combining the detailing error in the length of the east-west bottom slab bars 
with the errors and omissions in the placement of the east - west top slab steel, 
there was a definite plane of weakness at the east face.of the elevator core. 

It is believed that the only #6 bars passing this vertical plane were those which 
protruded from some of the 8 x 22 inch beams inside the elevator core. ‘The 
four specified #6 east-west top slab bars at each corner could not be found on 
any of the examined floors. The specified #4 top bars on each side of the hall- 
way were present in some instances and not in others. In many locations the 
"top" steel was four to five inches from the top surface of the 72 inch slab. 
Finally, many of the hooked slab bars had only about 1 or 2 inches embedment 


into the elevator core wall. 


Roof Slab Pieces 79, 111, 115, and 120 


Pieces marked 19, 111, 115, and 120 were definitely identified as being from 
the collapsed portion of the roof slab. They are detailed in Appendix II.1 and 


@ 


their locations are shown in Part II, Section 5, Figure 5.2. The reinforcement 


in them was carefully studied for conformity with the structural plans and bar 


placing drawings and the following items were noted: 


T9 


At the east edge the specified north-south #4T and B are missing. 
Parapet dowels are spaced at 15 and 16 inches instead of the speci- 
fied 12 inches. 3 | 

Instead of four east-west #4B there should have een six or seven 


#4B. 


At the Cast edge the specified north-south #4T and B are missing. 
Instead of fourteen north-south #4T there should have been eighteen 
#47. | 

Instead of twenty-two north-south #4B there should have been only 
fifteen #4B. 

Instead of nineteen east-west #4B there should have been no more 
than thirteen #4B. 

The seven east-west #6 hooked bars passing over the column have 

a length of 14 feet 2 inches instead of the specified 16 feet 0 inches. 
Apparently, bars with mark D602 were used in place of bars with 
mark D601. : 

There are two stray east-west #6B hooked bars north of the column. 
These may have been placed in response to an erroneous designation 


on the bar placing drawings. 


@ 


ms 


'Thé vertical positions of the two top layers are reversed from those 


specified on the drawings (i.e., instead of the north-south layer 
being the topmost layer, it lies under the east-west layer). 
At the south side of the piece there should be at least thirteen east- 


west #6T instead of the eleven #6T which are present. 


At the south edge the specified east-west #4T and B are missing. 
Parapet dowels are spaced at 14, 23, and 24 inches instead of the 
specified 12 inches. 

From the south edge there should be twelve east-west #6T instead | 
of the nine #6T and four #4T which were presente The four #4T were 
all bundled together. 


At the north side of the piece there are six east-west #4T whereas 


* no more than four #4T were called for. 


At the east edge of the piece there are twenty-one east-west #4B 
whereas no more than fourteen #4B were called for. This overage 
is consistent with that noted in point 4 under 111. 


At one place there is no concrete cover for the north-south #4T. 


Column Ties 


There was a consistent lack of column ties in the 30 to 40 inches above each 
floor level. Particularly, references to these omissions are noted in the 
sketches and photographs in Appendix II.1 for column pieces marked 11, T2, 
17, 122, 127, 136, 146, 147, 148, 153, 156, 159, 172, 174, and 191. In 
piece 1147 the first tie was 43 inches above the top of the floor slab. Although 


no attempt was made to relate these omissions to the large number of extra 
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(@ 


tie bars which were found scattered around the ground at the south side of the 
building, about one thousand #3 bent tie (or stirrup) bars were still on the ground 


0°? 


in various piles in May 1971. 
No special attempt was made to document all of these cases. 
Conerete Cover 


Structural plan S-1 specifies concrete cover to reinforcing. These specifica- 


tions are: 


ihe All concrete poured in forms but exposed to earth or weather: 
a. Main bars in beams and columns and bars larger than #5 in 
walls and slabs, 2 inches | 
b. | Bars #5 and smaller in walls and slabs, 13 inches 
2. Concrete faces not exposed to earth or weather: 
a. Walls and slabs, 3/4 inch 


b. Beams and columns to stirrups or ties, 13 inches. 


Placement of reinforcing steel, as regards concrete cover, was rather erratic. 
As an indication of incorrect placement, reference is made to Figures 3.6 and 
3.9 where east-west top slab steel at the elevator core is shown. Whereas 

the concrete cover for this steel should have been 13 inches (3/4 inch cover to 
the north-south top steel plus 3/4 inch for a north-south #6 bar), it is seen 

that some such bars actually were placed below mid-depth of the slab. As indi- 
cated by Figure 3.11c the examples shown in Figures 3.6 and 3.9 are merely 
illustrative of the slab conditions which exist from place to place around the 


elevator core. 
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No special effort was made to note the concrete cover to reinforcement for each 


of the 87 collapsed pieces which are detailed in Appendix I.1. Ina few instances, | 


however, notations were made where concrete cover, larger or smaller than 
specified, was observed. Such errors are noted on the sketches of pieces 719, 
120, 131, 53,.U72, 179, 83, and 87. The seqtresits in Figures 
3.1la and 3.11b show conditions in pieces 1719 and 183, respectively. 


Reinforcement Around Slab Openings 


As discussed in Part II, Sections 5 and 6, the actual slab openings did not 
correspond to those which were used as the basis for the detailing and supply- 
ing of the slab reinforcement. The Commission has attempted, unsuccessfully, 
to determine how the Structural Subcontractor placed the supplied reinforce- 
ment, given that the actual openings did not correspond to those assumed in 


the detailing of the reinforcement. 
Wone of the 87 pieces recovered from the collapse contained any of the large 


slab openings. Accordingly, it was not possible to determine how the Structural 


Subcontractor placed the supplied reinforcement at these particular locations. 
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TABLE 3.1 TENSION TESF RESULTS ON REINFORCING BARS 


Bar Yield Stress Ult.- Tensile Ult. Elong. | 
Mfg. Mark Size (ksi) Streneth (ksi) - in 8 inches (%) 


Rail Steel | 
70.3 113.3 11.7 


N-4-1 4 
N-5-1 5 67.4 110.7 14.1 
N-G-L 6 60.5 i ayes ee 16. 4. 
N-G-L 6 78.2 139.4 5.9 * 
N-6-1 6 74.9 234.3 79s 
N-6-1 6 83.7 140.5 a 8-64 

N-8-1 8 76.7 : 120.0: (Ripa -- 
N-8-1 8 80.7 129.5 8.3 
N-9-1 9 715.4 125.4 10.2. 

Billet Steel 

G-3-N $= 49: Tae 78.8 poeta 
AC-4-N-60 4 62.2 109.2 12.5 
B-4-N-60 4 68.2 100.2 © 17.2 
B-4-N-60 4 73.1 117.5 | 12.1 
B-4-N-G0 4 72.5 109.5 16.4 
O-4-N-60 4 64.7 97.1 | 18.0 
B-6-N-6G0 65 67.6 114.0 : 15.6 
H-6-N-60 6 71.9 122.7 3.5% 
Tech-6-N-60 6 61.3 99.0 | 15.6 
Tech-6-N-60 6 59.8 * Oe 95.9 aes 11.2 
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TABLE 3.1 CONTINUED 
Bar Yield Stress Ult. Tensile Ult. Elong. 


Mfg. Mark Size (ksi) Strength (ksi) in 8 inches (%) 


Billet Steel 


(continued) . 
M-8-N 8 61. lee ee 102.0 13.7 
B-8- N-60 8 63.6 102.8 15.6 
ilt-Na 11 66.1 100.4 ; 16.4 
M-11-N te 69.4 101.9 18.8 
M-11-N 11 e68.3 104.3 15.6 
9 Note: * indicates failure to meet ASTM A615-68 minimums (and, therefore, old 


ASTM A432 minimums. ) 
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TABLE 3.1 TENSION TEST RESULTS ON REINFORCING BARS 


Bar Yield Stress Ult.- Tensile Ult. Elong. 
Mfg. Mark Size (ksi) ; Strength (ksi) in 8 inches (%) 
Rail Steel 
N-4-1 4 70.3 fen i133 11.7 
N-5-L 5 67.4 11007) ae 141 
N-6-L 6 60.5 = 104-1 16.4 
N-6-1 6 78.2 139.42 5.9 * 
N-G-1 6 74.9 134.3 : 9.8 
N-6-1 6 83.7 140.5 8.6 * 
N-8-1 8 76.7 120.0 -- 
N-8-L 8 80.7 129.5 8.3 
N-9-1 9 75.4 125.4 10.2 
Billet Steel 
G-3-N 3 49.7 ** 78.8 2hele 
AC-4-N-60 4 62.2 (109.2 12.5 
B-4-N-60 4 68.2 100.2 17.2 
B-4-N-60 4 (Bea 117-58 12.1 
B-4-N-60 4 1225 109.5 16.4 
O-4-N-60 4 64.7 97.1 18.0 
B-6-N-60 6 67.6 114.0 15.6 
H-6-N-60 6 71.908 122.7 3.5 * 
Tech-6-N-60 6 561.3 99.0 15.6 
Tech-6-N-60 6 


59.8 =a 95.9 17.2 
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TABLE 3.1 CONTINUED 


| Bar ‘Yield Stress .  Ult. Tensile Ult. Elong. 


Mfg. Mark Size (xsi) * Strength (ksi) in 8 inches (%) 


Billet Steel 


(continued) ~ 
M-8-N 8 61.1 102.0 "13.7 
B-8- N-60 8 63.6 7 102.8 15.6 
M-11-N 11 . 66.1 . 100.4 16.4 
M-11-N Lined 69.4 101.9 : 18.8 
M-11-N 11 68.3 104.3 15.6 
@ Note: * indicates failure to meet ASTM A615-68 minimums (and, therefore, old 


ASTM A432 minimums. ) 


** Design specifications call for 40 ksi minimum yield stress for #3 stirrup 
bars. 
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EAST FACE ELEVATOR CORE 


‘FIGURE 3.3 
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Mee =. FIGURE 3.9°.. Continued 2-0 
As 3 3-26 
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NORTHEAST CORNER OF THE EAST FACE OF | 
THE ELEVATOR CORE AT THE 8TH FLOOR © 


FIGURE 3.10 
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(a) Piece 119 Top story column where concrete 
cover is 8" instead of the specified 1-7/8" 
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(b) ; _ *ypical floor slab piece showing 
7 ‘two #6T, one #4T, and one #4B 
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(c) 


Nine inch thick slab piece hanging from north 
face of elevator core. Note position of #6T 
bars. (Also note that these bars are rail steel.) 
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4. 
GENERAL INVESTIGATION OF STRUCTURAL DESIGN 


The structural design documents which were made available to the Commission 
are contained in Appendix II.4. These consist of nine plans, numbered S-1 
through S-9 and dated February 9, 1969, and Division 3, Section 3A of the 
specifications, entitled "Plain and Reinforced Concrete." Copies of the 

plans were obtained from the City and, independently, from the Structural 
“Subcontractor. The specifications were made available by the attorneys 


for the Structural Engineer. 


During the course of the investigation a few inconsistencies between the ~ 
structural plans and other design plans were noted. These pelated to slab 
openings and to dimensions of the mechanical room and are noted in Part II, 
Sections 5 and 6. Certain inconsistencies and deficiencies relating to the 
detailing of reinforcement by the Structural Engineer are noted in Part 1 
Sections 3 and 4D and in Part II, Section 3. i 
The purpose of this Section is to present the results of a review of the struc- 
tural design. As explained in Part I, Section 4B, the review was conducted 

to determine conformity with the American Concrete Institute 318-63 Code. 

In basing his design on the ACI 318-63 Code the Structural Engineer elected 

to follow the "ultimate strength" design provisions contained therein. He chose 


to specify 60,000 psi minimum yield strength reinforcing steel for all but 
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secondary reinforcement and to specify either 3,000, 4,000 or 5,000 psi com- 


pressive strength concrete for various portions of the structure. 


As noted in Part I, Section 4B the Structural Engineer's calculations were 
not made available. Thus the particular design options exercised and assump~- 


tions made by the Engineer are.not known. 
A. THE ROOF SLAB 


The roof slab, as designed, does not support the mechanical floor wall beams 

once construction is completed. Rather, the wall beams are designed to trans- 

mit the loads from the mechanical floor (and the mechanical room roof) to the 

’ brackets which extend out from columns E4, E5, E8, E9, F4, F5, F8, F9, and 
the elevator core, whereupon these loads are then transferred into the designat- 
ed columns and elevator core walls with little bending moment. The roof slab 
and mechanical floor slab between lines E and F would act as diaphragms (roof 
slab in compression and mechanical floor slab in tension) to prevent the. brack- 
ets from rotating. Accordingly, only secondary bending moments would be 

_ transmitted into the designated columns and core walls. As construction never 
progressed to the point where this action would have taken effect, this condition 
was not examined in detail. As a general comment, this particular design con- 


cept, while somewhat unusual, appears to have been adequately treated. 


Loadings ‘ 


The design gravity loadings for the oa slab include the dead weight plus 30 
or 100 pounds per square foot live load. The design live load is 30 psf every- 
where except for the area south of the south Mechanieal floor wall beam be- 
tween lines 4-2/3 and 8-1/3 where it is 100 psf. These loadings conform to 
the requirements of the Boston Building Code. . 
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Thickness 


When design is based upon the-"ultimate error othe method, Table 2101(e) of 

ACI 318-33 specifies certain minimum slab thicknesses. For slabs without drop 
panels and with reinforcement having a design steel yield stress of 60, 000 psi, 
Table 2101(e) limits the minimum slab thickness to L/30. This minimum thick- 
ness requirement is intended to limit service live load slab deflections. Records . 
ing to this provision, the slab thickness at interior columns E4, E5, F4, and F5 : 
should have been at least 8-3/4 inches. Similarly, rod columns ES; ESS-Fs: 
and F9 the slab thickness should have been at least 9-1/4 inches. In all of 

these areas the thickness specified on structural plan S-8 is 7-1/2 inches. 

The 7-1/2 inches slab thickness would conform to the requirements of ACI 
318-63, Table 2101(e) if the minimum steel yield stress used in proportioning 
the slab reinforcement were 40, 000 psi instead of 60,000 psi. For this reason it 


is of interest to review the slab reinforcement specified on structural plan S-8. : 


Slab Reinforcement 


It is assumed that the determination of slab design moments was based upon elas— 
tic frame analyses as provided for in ACI 318-63, Section 2103 (design according 


to the alternative method described in Section 2104 would not conform because 
the roof slab openings indicated on structural plan S-8 do not conform to Section 


2104 requirements). 


Calculated roof slab moments will differ modestly depending upon whether or not — 
it is assumed that construction is completed up through the mechanical room 
(penthouse) floor slab before formwork for the roof slab is stripped. These dif- 
ferences will depend upon whether or not the slab is restrained by the brackets 
and walls which extend up to the mechanical room. In the frame analyses made 

in the review, restraint of these brackets and walls was assumed to be present 


for all loads. + 
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Frame Analysis Along East-West Line E Columns 


Yur 5 ay 


Ti = 0.0561.” ves 
BE = 0.05 FT? 


Th. 120.625) see Je 
12 (21.33 
20.014 FT.? 


3 \3 
Tus 1(2.42)" , - 3 ey de 1) 
/4* 709.5) 12 (9.5 7H = 0.0175 FL." f= W/H* iF 5a) 
- w= 0.0702 FT® # 0.0175 FT? 


= 0.124 FT.3 


FACE OF 


Be Me 7 : ; : 
= 106.9 + 45.0 
= I5l.9 KIP FT 
ek . ; 
FEM... SENOS sa ee - (0.75)* 
= Tol + 21.9 
00,0 semua a LIVE LOAD REDUCTION FACTOR 


ELEVATOR 
_ CORE 


MOMENTS IN. COLUMN BRACKETS ABOVE NOT SHOWN 
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ELEVATOR 
CORE WALL 


1s(oo9akey(zi39) ; 1.8[01100(4) + 0.030(16)](21.33)" «(0.76)* 


The Boston Building Code in effect at the time the design was completed docs not per= 
mit any reduction in roof live loads. The live load reduction factor incorporated in 
the moment calculations would be permitted by the Boston Code only if it is as- 
sumed that the "roof" slab bounded by the mechanical room wall beams is not con- 


sidered to be a roof slab. 


Since the slab does not fall within all the limits set by Section 2104, the ACI Code 
does not permit the réinforcement at a "critical section" tc be proportioned for 


less than the calculated moments. 


The bending moment of 155 kip feet is calculated at the face of the elevator core 
wall. The code requires that the top slab reinforcement at this location be pro- 
portioned for the moment existing at the "critical section, " which in this case is 
3-3/4 inches outside the face of the wall. The calculated bending moment 3-3/4 


inches away from the face of the wall is about 150 kip feet. 


It is noted that rh. 83 feet of the total 20 feet panel width abuts the elevator core. 
Accordingly, it would be appropriate to provide 11.83/20 x 150 = 89 kip feet of 
resisting moment in steel entering the elevator core. The design provides for 


3 #6 and 8 #4 east-west top bars entering the elevator core. 


The permissible ultimate bending moment capacity for these bars is: 
33) WLR WG) 
ULT Yaai> Cs / = 


= 0.9(60)(1.32) | = 39.2 “Per 


Sere | oe ae 


8*4 My, = 0.9(60)(1.6) E 12 


79.9 an) OO ames 


- REQUIRED 
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At the same time more east-west steel is provided just south of the elevator 


core than the design conditions require. 


The finite element analysis made for the east half of the roof slab for the 
loading condition existing at failure (see, for example, Figures 1.3a and 1.3b 
in Part II, Section 1) are of some interest because the loads applied to the bay. 
E5-E6-F6-F5 in those prateestare only slightly larger than the ultimate de- 


sign loads considered here. 


It appears that a finite element analysis for the ultimate design loads also 
would lead to design moments exceeding the capacity of the proportioned east— . 


west steel which enters the elevator core. 


The preceding discussion has been based on the specified 60, 000 psi minimum 
yield stress reinforcing steel. If one restricted steel stress to only 40,000 

psi, the designed east-west steel entering the elevator core would not be suf- 
ficient for the ultimate design moments indicated either by the frame analysis 


made herein or by a finite element analysis. 


Review indicates that all other east-west steel in the roof slab (both top and 


bottom) is properly proportioned for the stated design conditions. 


Frame Analysis Along Line 6-1/2 on South Side of Elevator Core 


Because of uncertainty regarding the influence of the brackets extending from 
the east and west elevator core walls, it would be necessary to make a finite 
element analysis to determine accurately, for the design conditions, the bending 
moments perpendicular to the south face of the elevator core wall. It was not 
convenient to make such an analysis in the investigation. Instead, an estimate 


was made of the minimum total ultimate load design moment which would have 
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to be resisted by the designed north-south top slab steel which enters the south 
wall of the elevator core. For this estimation it was assumed that the roof slab 
was fixed (by the two extending brackets) at the line of the south mechanical room 
wall beam. The total moment (for the entire 17 feet 4 inches width of the elevator 


core) was then calculated by a frame analysis. 


e = 


j= 17.3375)? * 


12 (19) FACE OF — . 
* 0.032 FT? ELEVATORE 


- CORE WALL 


Thiet hee 
JH= 2 (9.9) 
= 0.0702 Ft? 


9.5 . 


ary 1.5(0.12)(17.33)(19)" _ 1.8(0.100)17.33)(19)* (ox) a 


* €-BRACKET 3 12 I2 


87.6 +70.4 = 158.0 *P FT 


1.5(0.094)(17.33)(7, 25)" i: 1.8(0.100\(17. 337.25)" " 


CANTON a ce OL) 
= 64.24 G4, = 115.6 BO rte. 


H1% -148 $108 
5 


+126 -198 +158 


As previously indicated the Code does not permit calculated elastic moments to be 


reduced for this particular slab. 


The design provides 12 #4 and 6 #6 north~south top slab bars. The permissible 


ultimate bending moment capacity for these bars is: 


M LT. 


p Nat! 


09 ( 60) | 12( (0.20)+¢ (0.44) ][ 5° ok 
Ios *P FT 


It 


This calculation indicates that the total moment capacity is sufficient at this 
; location. Based upon observation of the distribution of the total calculated 
moment for the failure condition (see Figure 1.32 in Part If, Section 1) it is 
questionable whether the 12 #4 north-south bars provided in the design would 
be sufficient to resist the ultimate load design moments as calculated by a ze 


more refined analysis. 


With the possible exception of the 12 #4 bars noted above, review indicates 
that all north-south steel in the roof slab (both top and aise is properly 


proportioned for the stated design conditions. 


Shear Stress Around Column E5 


Vik AE (0094)(406) +1.8(0.030)(334)0.75)* 
+ 1.8(0,100)66)(0.75)* 


= 56.4 +1325 + 8.9 
= 78.8 “5 


@ As noted in the concluding paragraph of page 4-3, the moments transferred 
into column E5 will depend upon whether or not the bracket and mechanical 
floor stab above column E56 is in place prior to the application of load on the © 


roof slab. 


The presence or absence of this bracket is even more significant in relation 
to the effective section which is available to resist shear forces induced at 
column E5. The effective shear section when brackets are not yet in place 

is significantly less than that which is available in the final condition. For the 
condition of no brackets, frame analyses (not presented here) indicate that 


the moments to be transferred into column E5 are: 


M = g3hP Mx (due to unbalanced gravity load in HES of frame 
y along line E) 
: kip ft. 
Me=.1 (due to unbalanced gravity load in analysis of EG 


along line 5) 


With these forces, and using the same shear stress calculation explained in ~ 


Part II, Section 1A, the sum ultimate load shear stress on a peripheral 
section out 3 inches from the column face is: RS 
ye Dee KMyc | KMZC' 
ici rN Jy Jz : 
= 788  0.4(23%12)(9)  O.4(1«12)(15) 
516. = 35040 76080 
0.137+ 0.028 + 0.00! 
O.106 xst : 
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| ® The ultimate shear stress permitted by the ACI 318-63 Code for the 3000 psi 


concrete specified for the roof slab is: 


Virrauow > + dV fe 
| = 4(085)(V3000) 
= 1860 psi 


With the assumption that no load would act on the roof slab until the bracket 
was in place, the calculated maximum design load shear stress is well below 


that allowed by the Code. 
Similarly, review of the slab conditions at other columns and at the elevator 
core walls indicates that maximum design load shear stresses are less than 
@ ) the value permitted by the Code. ; 
B. THE SIXTEENTH FLOOR SLAB 
Loadings 
The design gravity loadings for the roof slab include the slab dead weight plus 
20 pounds per square foot for partitions, etc. and 40 pounds per square foot 
live load. These loadings conform to the requirements in the Boston Build- 
ing Code. 


Thickness and Slab Reinforcement 


The previous comments on page 4-3 regarding the design roof slab thickness 


around interior columns E4, E5, F4, F5 and E8, E9, F8, F9 are also applicable - 
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to the 16th floor slab. Because the conditions are similar, analyses were made 
to determine whether the designed 16th floor slab reinforcement is sufficient 

for the stated design conditions. This review indicated that all slab reinforce- . 
ment was properly proportioned. As indicated by the following analysis, how- 
ever, the specified steel would not be pafficient given a steel yield stress of 


40,000 instead of 60, 000 psi. 


Frame Analysis Along East-West Line E Columns 


a TA 


T/i =0.124 F173 V4 20.0702 FI? R—W = 0.0175 FT.” TA 0.0175 FT? 


Yu =o.0¢e? | -Yr-oonert?| jr-o.o30rt?| -=aouser> 


Ty =auater? Y= 0.074 FL? [2a = 0.0185 FT? > = 20\ 
| = 0.0185 FT. 
FACE OF 


ELEVATOR 
CORE WALL 


ss 5-ELEV. 


CEM ee (20) (21,33)" ok20t (21.33)" “ors 


7 = (29.8 ae = 170.8? : 
~ 15(0.094+0.020)(20)(t8)* _ .8(0.040)(20)(18)" | 
FEM., = - Mieke, IK «(0.75)*. 


= 92.3 + 29.2 - 121.5 "Fr 


3E LIVE LOAD REDUCTION FACTOR 


ELEVATOR 
CORE 


COLUMN MOMENTS NOT SHOWN 
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At the "critical section" out 3-3/4 inches from the face of the wall the calculated 


bending moment is about 170 kip feet. 


Since 11.83 feet of the total 20 feet panel width abuts the elevator core, the top 
steel bars entering the elevator core should have a moment resisting capacity 
of 11.83/20 x170 =101 kip feet. The permissible ultimate bending moment 


capacity for these bars is: 7 : 
+e | yafe 
A*O Mu, =¢fyAz(d- F). 


~ 0.9(60)(1.76) [74528 | Bets ewer 


#4 My, = 0.9(0)(2.2) Eee = 50,5 KIPFT 


102.8 *° > 101 “FT 


REQUIRED 


Thus the proportioned reinforcement is sufficient, given a design yield stress 


of 60,000 psi. It would not be sufficient given a stress of 40, 000 psi. 


Shear Stress Around Column E5 


Vossien * (0.094 +0.020)(400) + 1.8(0.040)(400)(0.75)* 
= 68.5 +-21.@ 
- 90,1 “5 


The moments induced into column E5 were calculated on the assumption that 


the 16th story column and roof slab would be in place prior to the application 
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of any load on the 16th floor slab. On this basis: 


kip ft. ment 
M =31 P (unbalanced gravity load moment induced into column 
y E5, from previous analysis of frame along Line E) 
kip itz SPY ar : . 
M, = 28 (unbalanced gravity load moment induced into column 


E5; from analysis of frame along Line 5, not present- 
ed here) | , 


90.1 OA(B1x12K9) , O4(26 ~12)(15) 
516 35640- © 16080. 
' 0.156 + 0.037 + 0.020 
0.219 Ks! » 0.186 xsr ALLowaBLe 


" 


This 18 percent overstress has not been listed as a design deficiency in Part I, 


Sections 3 and 4B because of three factors: 


1. As illustrated by the analyses made for the failure conditions, the 
magnitude of fog and M, moments transferred into column E5 
actually will be smaller than those derived from frame analyses 

” such as used herein. Whileit is unlikely that the Structural Engi- 
neer made a finite element analysis during the design of the struc- 
ture, the results of such an analysis probably would indicate trans- 
ferred moments of only about one-half those used in the above shear 
stress calculation. If this be so, the calculated maximum shear 
stress would drop a value just about equal to that permitted by the 
Code. a; 
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2. Just as the ACI 318-63 Code does not prescribe the method of analy- - 
sis to be used in the calculation of moment and shear forces, nei- 
ther does it prescribe a procedure or formula for calculating the 
maximum shear stress. For the condition at issue here, the Code 
prescribes only that "the stresses on the critical section shall be 
investigated by a rational analysis, and the section proportioned" 
co that the maximum shear stress does not exceed 0.186 ksi. 

While it is believed that the formula used herein for the calculation 

_ ._ of maximum:-shear stress is "rational," the Structural Engineer 

may feel that another procedure is equally rational and at the same . 


time indicates slightly smaller maximum stresses. 


3. In view of the two foregoing points, and considering that the Struc- 
tural Engineer has not made his design calculations available to 
the Commission, a detailed investigation of the many possible 
options available to the designer under the Code would have to be 
made to show that this aspect of the design did (or did not) con- . 
form to the Code. Such an investigation was not within the scope 


of the Commission's studies. 


The design shear condition at Column E5 is typical of that at column Fs. It 
also is very nearly the same as those at columns E8, E9, F8, and F9. Accord- 
ingly, the same comments made regarding the slab section around column E5 
apply as well to critical sections around these other columns. Review indicates 
that the design shear stresses at all other 16th floor slab locations are accept- 


able. 


C. OTHER PORTIONS OF THE STRUCTURE 


‘ 


Typical Floor Slabs 


The 16th down through the 3rd floor slabs all have the same design dimensions, 
design gravity loads, and proportioned reinforcing. 
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Dp . The design differences which must be considered in reviewing floor slabs down 


through the structure are: 


1. The design dimensions of certain columns increase below the 11th 
floor slab. For example, the ene ons of columns E3, E4, E5, 
E8, E9, E10, F3, F4, F5, F8, F9, and F10 increase from 12 x 24 
inches to 15. x 24 inches below the 11th floor, to 18 x 24 inches bhe- 
low the 8th floor, and to 21 x 24 inches below the 4th foot 


2. The specified concrete compressive strength at the Sth floor, and 


below, increases from 3000 to 4000 psi. . 


3. The application of design wind loads will cause bending moments 
to be induced into the columns and, consequently, into the floor 
| slabs. When wind loads are considered the ACI 318-63 Code. 
& | | specifies that the design capacity shall be U = 1.25 (D+L+W), as 
. opposed to U = 1. 5D+1. 8L when wind is neglected. (The Boston ~ 
| Building Code prescribes a wind loading of 20 pounds per square 


foot of exposed elevation. ) 


An approximate wind load analysis indicates that the elevator core absorbs 

the major portion of any applied wind load, with the several floor slabs aah 

as diaphragms to distribute the loads to the core walls. Some small bending 
moments will be induced into the columns and floor slabs as a consequence of 
frame action under lateral loads, but the magnitude of these moments should 

not exceed the previously calculated unbalanced gravity loadomoments. Accord- 
ingly, the previously analyzed gravity load condition would govern the design of 


each of the typical floor slabs. 
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The design differences which must be considered in reviewing floor slabs down 


through the structure are: 


uke The fecren dimensions of certain columns increase below the llth 
- floor slab. For example, the dimensions of columns E3, E4, E5, 
E8, £9, E10, F3, F4, F5, F8, F9, and 10 increase from 12 x 24 
tener to 15 x 24 inches below the 11th floor, to 18 x 24 inches be- 
low the 8th floor, and to 21 x 24 inches below the 4th floor. 


2. The specified concrete compressive strength at the 5th floor, and 


below, increases from 3000 to 4000 psi. 


3. . The application of design wind loads will cause bending moments 
to be induced into the columns and, consequently, into the floor 
slabs. When wind loads are considered the ACI 318-63 Code 
specifies that the design capacity shall be U = 1.25 (D+L+W), as 

_ opposed to U = 1.5D+1.8L when wind is neglected. (The Boston 
Building Code prescribes a wind loading of 20 pounds per square 


foot of exposed elevation. ) 


An approximate wind load analysis indicates that the elevator core absorbs 

the major moron of any applied wind load, with the several floor slabs acting 

as diaphragms to distribute the loads to the core walls. Some small bending 
moments will be induced into the columns and floor slabs as a consequence of 
frame action under lateral loads, but the magnitude of these moments should 

not exceed the previously calculated unbalanced gravity load moments. Accord- 
ingly, the previously analyzed gravity load condition would govern the design of 


each of the typical floor slabs. 
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All comments made in regard to the design of the 16th floor slab are equally 
applicable to the 15th, 14th, 13th, and 12th floor slabs. Below the 12th floor 


the design shear capacity around the critical columns increases. 
Columns 


The design of column E5 from the roof slab to the footing was checked in de- 
tail and found to satisfy the Code provisions. Other columns, while reviewed, 


in less detail, also appear to be properly designed. 
Elevator Core Walls 


The design of the elevator core walls was reviewed for resistance to gravity - 
loads and gravity loads. plus total wind load on the building. For both of these _ 
design conditions approximate analyses indicate that the proportioned core 


walls conform to Code requirements. 
Foundations 


Structural plan S-1 states that all footings shall be founded on naturally con- 
solidated undisturbed soil capable of sustaining 10 tons per square foot or on 
sound, undisturbed rock (below elevation 137 feet) capable of sustaining 25 tons 
per square foot. The only footings specified to be below elevation 137 feet are 
those beneath the elevator core walls. These design assumptions were based 


upon results from a series of soil borings shown on the architectural plans. 


A review of the design loads imposed upon the designed footings for the elevator 
core walls and for column E5 indicates conformity with the design assumptions. 
By appearance the specified footings for other columns also would seem to be 


satisfactory. 
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D. DETAILING OF REINFORCEMENT 


Several inconsistencies and/or deficiencies were noted regarding the detailing - 
of the reinforcement by the Structural Engineer. The most significant of these 
are noted in Part I, Section 4B and a few additional ones are mentioned in Part 


II, Section 3A. 
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THE ROOF-AND MECHANICAL FLOOR SLABS 


A. MAIN ROOF SLAB 


Design Dimensions 
Tke main roof slab design dimensions are extracted from the structural and 
architectural plans in Figure 5.1. For reference purposes the columns below, 


elevator core walls, and mechanical floor above are also indicated. 


Placement and Collapse 


The roof slab was placed in two parts. The Supplier's delivery records and in- 
voices show 218 cubic yards of concrete delivered on December 3, 1970, and 
95 cubic yards delivered on December 9, 1970, for a total of 313 cubic yards. 


According to testimony placement started at the west edge and proceeded east. 


On the basis of the design plans, calculated volumes in the roof slab are: 


Volume 


From LO (cubic yards) 
West edge Line 7 134 
West edge Line6 . : S18i 
West edge | Line 5 217 
West edge Const. jt. as per. 245 
Mr. Kanieff's 
. testimony 
West edge Line 422. some 248 
West edge Line 33 262 
West edge East edge » 316 


These volumes account for the stairwell openings and the elevator core but not 


for mechanical openings. 


The volume calculations indicate that Mr. Kanieff, and other employees of the 
Structural Subcontractor, were mistaken in their testimony that the roof slab 
construction joint was at line 33 on the exterior and line 43 on the interior. 
Rather, the calculations show that the construction joint must have been in the 
vicinity of line 5. Three possibilities for the actual location are discussed in 
Part 1, Section 3A. The position which is believed to be the most likely possi- 


bility is shown in Figure 5.2. 


_ Figure 5.2 also shows the extent of the roof slab collapse and the location of 
four collapsed roof slab pieces which were saved. The photograph in Figure 5.3 
shows the extent of the collapse in the top stories as seen on January 27, 1971. 
In the days following the collapse the drooping slab pieces seen in Figure 5.3 
were cut loose. The roof slab piece on the south side of the elevator core 

was cut loose on February 3, 1971. Part of this piece was saved and marked 
115. Piece 115 and the other three saved pieces, 19, T11, and 120, are 
carefully detailed and photographed in Appendix II.1. Another saved piece, 


— 


T4, has a top surface which is characteristic of the roof slab but it could not be 


positively identified as coming from the roof. 
Concrete and Reinforcement 


Tables 1 and 2 in Part I summarize the test results obtained from cores taken 
from the roof slab. The evaluation of these results is summarized in Part I, 


Section 3A and presented in more detail in Part II, Section 2. 


A comparison of the reinforcenement found in pieces 19, M11, 115, and 120 
with that specified on the structural plans and bar placing drawings is contained 


in Part Il, Section 3D. 


After the collapse, the Owners were requested to authorize certain notching of 
_the uncollapsed portion of the roof slab to determine the quantity and position of 
reinforcing steel around the southwest corner of the elevator core and around 
column E8. This investigation, which would have been conducted after completion 


of the planned shoring program, was not authorized. 


Opening s 


Figures 5.4, 5.5, and 5.6 concern openings in the roof slab. Figure 5.4 shows 

- openings as indicated on the structural plans. The reinforcing steel was de- 
tailed, the bar placing drawings were prepared, and the steel was supplied on 

the basis of these openings. Figure 5.5 shows openings indicated on the revised © 
mechanical plans (prepared by Mr. Joseph Schneider for the Mechanical Sub- 
contractor). Figure 5.6 shows actual openings, as measured, in the uncollapsed 
portion of the slab. The basis for the actual openings has not been determined. 
The photograph in Figure 5.7 shows actual openings along line 9 between columns 
E9 and F9. 
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Slab Thickness . 


Measured roof slab thicknesses are shown in Figure 5.6 for the uncollapsed 
portion and for the collapsed pieces 19, 11, 115, and 120. In all cases 


measured thickness equalled er exceeded that specified on the plans. 


The architectural plans call for the roof slab to slope two inches to indicated 
drains. “ On the uncollapsed portion of the roof two drains are present, one - 


near column E10 and one near column F10. In both number and position these 


actual drains do not conform to the architectural plans. 


Since the Structural Subcontractor testified that the bottom surface of the roof 
slab was constructed level and that slopes to drain were obtained by increasing 
slab thickness toward the edges of the slab, it would seem that a definite pattern 
of changing slab thickness should exist. Measuréd slab thickness at openings 
and at locations where concrete cores were taken did not indicate such a pattern, 
Thicknesses near the outside edges of the slab were not greater, and in some 
cases less, than those in interior bays. Since no thickness deficiency was 


found, a detailed survey of the uncollapsed roof slab was not made. 


Loadings 

In addition to self weight the roof slab was subjected to superimposed gravity 
loads consisting of the weight of the freshly placed mechanical room floor slab, 
walls and brackets; the formwork for these placements (see Part II, Figures 
7.16, and 5.3); the construction materials and equipment resting on the roof 


slab; and possibly a very small quantity of snow. 


Figure 5.8 shows the construction materials and equipment resting on the 


southwest (uncollapsed) side of the roof. Essentially no materials or 
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equipment were stored on the northwest side of the roof. These observations of 
conditions on the west side are consistent with the fact that the materials hoist 


and crane were located on the south side of the building. 


Testimony has indicated that two boilers were peninorari stored on the south 
side of the roof somewhere between lines 5 and 7. They were eventually to 

have been installed on the east side of the mechanical room floor slab. Mr. 
Paolini testified that after collapse of the roof slab onto the 16th floor one 

boiler was teetering on the edge of the break line and the other was down on 

the 16th floor. Both boilers fell in the general collapse. For purposes of analy- 


Sis their positions were assumed to be as shown in Part II, Figure 1.1. 


The boilers were made by the Burnham Corporation, Irvington, New Yorl. 
Base dimensions of one of the boilers which was removed from the debris were 
53 x 101 inches. A name plate on the boiler identified it as a Burnham Golden 
Cube, 3 path forced draft generator, gross rating 100 HP, serial numbers 


PB4642NS and NB7601. Gross shipping weight was 7950 pounds each. 


The compressor which fell from the roof during the collapse of the roof slab 

onto the 16th floor slab was a Schramm Air Compressor with a single axel and 

a trailer hitch. It was leased to the job by Crane Service Corporation, Boston, 
who gave the unit weight as 2475 pounds. Testimony indicated that the compres- 
sor fell from the south side of the roof somewhere between lines 4 and 6. In the 
structural analyses it was assumed to be located as shown in Part II, Figure 1.1. 
There is no reason to suspect that the storage of miscellaneous construction 
materials on the southeast side of the roof slab was any different from that 
shown for the southwest side in Figure 5.8. However, because this evidence is 


only circumstantial, only 1000 pounds of materials are assumed to have been 


present on the southeast side for purposes of structural analysis. This assumed 


loading is positioned as shown in Part II, Figure 1.1. 


In the structural analyses no snow accumulation was assumed to be present on 
the roof slab. If any snow was present it must have been very little, as 

Weather Bureau records for the day of the collapse show an accumulated depth 
of snow at Logan Airport of only 1 inch. The photo in Figure 5.8a shows that no 
snow was present on the roof on February 3, 1971, although some depth of snow 
is evident on the ground in areas surrounding the site. No snow is evident in the 


photograph of Figure 5.3, which was taken on January 27, 1971. 


In the structural analysis it was determined that the combined influence of all 
stored construction materials and equipment on the maximum shear conditions 
around column E5 was less that 2% of the influence due to self weight and the 


mechanical room construction loads. __ : 


B. MECHANICAL ROOM (PENTHOUSE) FLOOR SLAB 


Design Dimensions 


The mechanical room floor slab design dimensions, as extracted from the 
structural plans, are shown in Figure 5.1. Both the width and length dimensions 
of the floor slab (and supporting walls) differ on the structural and architectural 
plans, the width being 4 inches greater and the length being 20 inches smaller on 
the architectural plans. Measurement of the uncollapsed portion conforms with 


the structural plans. 


The finished elevation of the mechanical room floor slab was designed to be 
5 feet 2 inches above the roof slab. The brackets which extend out from columns 


E4, ES, E8, E9, F4, F4, F8, and F9 as well as the brackets which extend out 


from the elevator core walls are designed to be monolithic with the mechanical 
Hoot alab and the roof slab. The 8 inch thick side and end wall beams are de- 
signed to be monolithic with the mechanical floor but not with the roof slab. A 
detail on the structural plan calls for a 3 inch thick filler at the top of the roof 


slab under the wall beams. 


Placement and Collapse 


_ The mechanical room floor slab was placed on January 25, 197 1. Testimony 
indicates that placement began at the west edge at about 10:00 a.m. and pro- 
ceeded east, casting the slab, wall beams, and brackets together in a con- 


tinuous fashion until a coffee break at about 3:00 p.m. 


Unlike the wall beams which were to support the mechanical floor at its peri- 
meter, the 8 inch thick walls which surround the stairwell are designed to be 
monolithic with the roof slab. The design calls for a 3 inch filler vertically 
betwéen the end wall beam of the mechanical room and the walls which sur- 
round the stairwell. It has not been established whether the walls surrounding 
the stairwell were cast prior to January 25, but at the finished level of the 
mechanical room floor there is no evidence of a $ inch filler between the walls 


and end wall beam. 


On the basis of the structural plans, the calculated volumes in the walls, wall 


beams, brackets, and mechanical floor slab are: 


Volume 


items aS (cubic yards) 


8 inch thick walls 
surrounding west stairwell ae 6 


-Mechanical floor slab, wall 
beams, brackets from west 
edge to 3 feet eastoflineS5 . 106 


Elevator core walls from 
roof to mechanical floor 10 


These volumes do not account for mechanical openings in the floor slab or for 


_ openings in the 8 inch thick walls and wall beams. 


The Supplier's delivery records indicate that 140 cubic yards of concrete were 
felivered on January 25, 1971. Subsequent to the Supplier's testifying before 
the Commission, a telephone inquiry revealed that part of the 140 cubic yards 
was not placed. According to the Supplier the last load, truck #15, with 10 
cubic yards returned to the plant. Similarly truck #14 with 10 cubic yards and 
truck #13 with 9 cubic yards also returned to the plant full. Truck #12 was in 
the process of being unloaded when the failure occurred. This truck returned 
to the plant with about 1 cubic yard left in the truck. Accordingly, about 110 
cubic yards were unloaded at the site. Assuming that there was 1 cubic yard 
in the crane bucket which had to be emptied prior to rescue of the three marooned 
workmen, it appears that about 109 cubic yards of concrete were placed prior 


to the coilapse. 


In comparing the volume placed with the calculated volumes, two additional 
items must be noted. First either the top story column E5 or F5 with the 
bracket above was saved from the collapse. Concrete had been placed in this 


bracket, clearly indicating that placement had reached line 5. Second, Messrs. 
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Niro and Oliva, who were employed as cement finishers, testified that they had 
just finished sweeping the second set of drains cast of the elevator core prior 

to the coffee break at about 3:00 p.m. They stated that the slab was finished 
afew feet beyond the second set of drains on a line extending directly north and 
south. Subsequent to their testimony, Mr. Louis J. Moccaldi testified privately 
regarding the location of drains in the mechanical floor slab. Mr. Moccaldi, 
who personally placed these drains, indicated that they were as shown in Figure 
5.9. Both the number and yosition of these drains do not conform to the revised 
mechanical plans (prepared by Mr. Joseph Schneider for the Mechanical Sub- 
contractor) or to the records in the Building Department which formed the basis 


for approval of drains. | & 


For the majority of the structural analyses of the east half of the roof slab it 

was assumed that the mechanical floor slab placement had extended 3 feet be- 
yond line 5 as shown in Figure 5.9. As itidicated by one analysis, where place- 
ment was assumed to extend only to line 5, the maximum shear conditions around 


column E5 are not drastically sensitive to the precise limit of placement. 


Figures 5.3 and 5.10 show the extent of the collapse at the mechanical room 


floor level. 


Openings 


Figure 5.10 shows the actual openings, as measured in the field, in the un- 
collapsed portion of the mechanical roof floor slab. There are no floor drains 


in this portion of the slab. 


Openings for the mechanical floor slab as indicated on the structural and 


revised mechanical plans differ significantly from those shown in Figure 5.10. 


Niro and Oliva, who were employed as cement finishers, testified that they had - 
just finished sweeping the sccond sct of drains cast of the elevator core prior - 
to the coffee break at about 3:00 p.m. They stated that the slab was finished 

a few feet beyond the second set of drains on a line extending directly north and 
south. Subsequent to their testimony, Mr. Louis J. Moccaldi testified privately 
regarding the location of drains in the mechanical floor slab. Mr. Moccaldi, 

who personally placed these drains, indicated that they were as shown in Figure 
5.9. Both the number and position of these drains do not conform to the revised 
mechanical plans (prepared by Mr. Joseph Schneider for the Mechanical Sub- 
contractor) or to the records in the Building Department which formed the basis 


for approval of drains. 


For the majority of the structural analyses of the east half of the roof slab it 

was assumed that the mechanical floor slab placement had extended 3 feet be- 
yond line 5 as shown in Figure 5.9. As indicated by one analysis, where place- 
ment was assumed to extend only to line 5, the maximum shear conditions around 


column E5 are not drastically sensitive to the precise limit of placement. 


Figures 5.3 and 5.10 show the extent of the collapse at the mechanical room 
r . iN mrs 


floor level. 


Openings : 


Figure 5.10 shows the actual openings, as measured in the field, in the un- 
collapsed portion of the mechanical room floor slab. There are no floor drains 


in this portion of the slab. 


Openings for the mechanical floor slab as indicated on the structural and 


revised mechanical plans differ significantly from those shown in Figure 5.10. 
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The 16th floor slab design dimensions are extracted from the structural and 
architectural plans in Figure 6.1. These plan dimensions are also typical of 
the 3rd through 15th floor slabs except that certain column dimensions become 
slightly larger in lower stories and the location of these column centers changes 


slightly. 
Placement and Collapse 


According to the testimony, placement of concrete in the 16th floor slab started 


at the west edge and proceeded east. The Testing Laboratory's site inspection 


reports indicate that the slab was placed on two different days, November 18 

and November 20, 1970. For these days the Concrete Supplier's delivery re- 
cords and invoices show delivery of 212 cubic yards and 76 cubic yards of con- 
crete, pecocetively: The Testing Laboratory's site inspection report for Novem- 
ber 20, 1970, aries that the 76 cubic yards were used in the 16th fioor slab, in 
stairs, andin parapets. Calcwlation indicates that less than 67 cubic yards 


would have been required to complete the 16th floor slab. 


On the basis of the design plans, volumes of the 16th floor were calculated. 


Reateor 5 


(The Structural Subcontractor's shop drawing for dimensioning of the typical 


floors conformed to the design plans.) The calculated volumes are: 


- Volume 
From ae To (cubic yards) 
West edge Line 7 ake 
West edge: — - Line 6 | 160 
West edge 3 Line 5 193 
| West edge Line 4 bs | 221 
West edge . Line 3 . | S247 
West edge East. edge : 279 


These volumes account for the stairwell openings and the openings in the 


elevator core but not for mechanical openings. . 


By comparing the calculated volumes with the concrete deliveries, it appears 


that a construction joint must have been placed in the vicinity of line 43. An . 


assumed joint location is shown in Figure 6.2. 


. Figure 6.2 also shows the extent of the 16th floor slab collapse and the location 


of one collapsed piece, marked 171, which is believed to have come from the 


16th floor. Piece 17lis carefully detailed in Appendix II.1. 
Concrete Test Results 


Tables 2.5 and 2.6 summarize the test results obtained from cores taken from 
the 16th floor slab. Table 2.5 which includes results obtained from the un- 
collapsed portion of the slab, pertains to the November 18, 1970, placement. 
This placement would have included the concrete around columns E5 and F5. 


Table 2.6 includes results obtained for piece 171 which would have been cast 
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on November 20, 1970. These tests are described in more detail in Part II, 


Section 2 and the laboratory test reports are contained in Appendix II. 2. 


Openings 


Figures 6.3, 6.4, an 6.5 -concern openings in the 16th floor slab. Figure 6.3 
shows openings as indicated on the structural plans. The reinforcing steel was 
detailed, the bar placing drawings were prepared, and the steel was supplied 
on the basis of these openings. Figure 6.4 shows openings indicated on the re- 
vised mechanical plans (prepared by Mr. Joseph Schneider for the Mechanical 
Subcontractor). Figure 6.5 shows actual openings, as measured, in the un- 
collapsed portion of the slab. The basis for the actual openings has not been 


, determined. 
Slab Thickness 


Measured 16th floor slab thicknesses are shown in Figure 6.5 for the uncol- 
lapsed portion and for collapsed piece 171. In some places actual slab thick- 


ness is less than that specified on the structural plans. 
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SHORING 
a 23 Ry 16TH FLOOR TO ROOF 


Structural plans S-1 and S-8 note that temporary construction loading on the 

roof slab should not exceed 30 pounds per square foot, except on the south side 

of the roof between lines 5 and 8. Additionally, plan S-8 specifically called for 
the placement of temporary shores under the roof slab below the cantilever 
brackets which extend outward along columns 4, 5, 8, and 9 from columns E4, 

E5, E8, E9, F4, F5, F8, and F9. These shores were to assist in the distri- 

_ bution of the construction loads induced during and after placement of the mechani- 


cal room walls and floor slab. 


The shoring provided under the uncollapsed western half of the roof was examined 
in the days immediately following the collapse. This examination revealed place- 
ment of the nineteen 4 x 4 inch wood shores shown in Figure 7.1. Figures 7.2 
through 7.14 are photographs taken on February 6 and 8, 1971, which show the 


construction conditions which prevailed on the west side of the 16th story. 


In Part I, Section 3A the testimony of eyewitnesses regarding the shoring present 
under the collapsed east side of the roof slab is summarized. This testimony is 
contained in Appendix IIl.4. These witnesses agreed that there was a series of 


shores around the perimeter of the east side, some of which are visible in 
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roof slab should not exceed 30 pounds per square foot, except on the south side 

of the roof between lines 5 and 8. Additionally, plan S-8 specifically called for. 

_ the placement of temporary shores under the roof slab below the cantilever 
braekets which extend outward along columns 4, 5, 8, and 9 from columns E4, 

E5, E8, E9, F4, F5, F8, and F9. These shores were to assist in the distri- 
bution of the construction loads induced during and after placement of the mechani- 


cal room walls and floor slab. 


The shoring provided under the uncollapsed western half of the roof was examined 
in the days immediately following the collapse. This examination revealed place- 
ment of the nineteen 4 x 4 inch wood shores shown in Figure 7.1. Figures 7.2 
through 7.14 are photographs taken on February 6 and 8, 1971, which show the 


construction conditions which prevailed on the west side of the 16th story. 


In Part I, Section 3A the testimony of eyewitnesses regarding the shoring present 
under the collapsed east side of the roof slab is summarized. This testimony is 
contained in Appendix II.5. These witnesses agreed that there was a series of 


shores around the perimeter of the east side, some of which are visible in 


cael 


Vigures 2 and 6 of PartI. These perimeter shores were used to Support a weather pro- 
tection screen which terminated at the line of shores in bay 7-8.0n the west side. 
From the shores and tarpaulins visible in Figures 7.8 to 7.10 it seems likely 


that the line of shores. in bay 7-8 extended completely across the 16th floor. 


Eyewitnesses do not agree on the interior shoring conditions under the east side Tia 
of the roof slab. While none of those whe saw the initial Sagging of the roof re- 
called seeing shores in the area of the sagging, some felt that there were oc- 


casional shores at other interior locations. 
Bower. tolLH FLOOR TO 16TH FLOOR 


Figure 7.15 shows the locations of twenty-three 4 x 4 inch wood shores which 

were present under the western uncollapsed portion of the 16th floor. The pho- 
tographs in Figures2 and 6 of Part I indicate that there were perimeter shores under 
the east side of the 16th floor, but no attempt was made to determine from eye- 


witnesses the interior east si¢e shoring conditions at this level. 
Cc. ROOF TO MECHANICAL ROOM FLOOR 


Figure 7.16 is a photograph taken inside the crawl space between the roof and 
mechanical room floor on the uncollapsed west side. The formwork and shoring 
shown in this photograph is typical of that under all of the uncollapsed mechanical 
room floor. There is no evidence to indicate that the conditions on the east side 


were unlike those shown in Figure 7.16. 
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FIGURE 7.3 
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_ FIGURE 7.16 = FORMWORK_AND SHORING: ROOF TO MECHANICAL ROOM 
ee "FLOOR ON THE UNCOLLAPSED WESTSIDE - > 
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